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Abstract 
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by 
Julie Danielle Gillespie 
 
Nutrient budget models are used throughout New Zealand to monitor the movement of water and 
nutrients in farm systems. Currently there is limited knowledge pertaining to the water release and 
water holding characteristics of a variety of coarse fragments within soils, and of the influence that 
some clasts, such as pumice, have on nutrient and water movement through the soil.  
The role of pumice clasts in soil has been largely unstudied in New Zealand, with studies focusing on 
the physical and chemical characteristics of the soil profile. International studies on the physical 
properties of pumice clasts have found that the characteristics of pumice in different deposits vary. 
Due to the variability in the results of international studies and lack of data on the physical properties 
of pumice fragments in New Zealand soils, the properties of New Zealand pumice clasts cannot be 
derived or assumed. To fill this knowledge gap, the water holding capacity of pumice clasts produced 
in a mid-Quaternary New Zealand volcanic eruption has been quantified through the development of 
a water release curve. The curve, from a matric potential of -3 kPa to -1500 kPa has been produced 
from data obtained in a trial using suction plates under vacuum and a WP4C dewpoint hygrometer. 
 
The study found that: 
The assumption that the behaviour of soil fines as a matrix is consistent as the ratio of pumice clasts 
to soil fines changes is false. At any given matric potential, the water content of the soil fines in 
relation to the proportion of the pumice clasts was variable. 
 iii 
The method developed to determine the water content of the pumice clasts between saturation and 
-80 kPa was most effective when matrix variability was minimised by adding glass fragments to keep 
the total clast content of the core constant. 
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Soil is the interface between the lithosphere and the atmosphere, supporting all forms of terrestrial 
life. It is a non-renewable resource that is prone to degradation and loss, requiring careful 
management to ensure economic and environmental sustainability (Lal & Shukla, 2004; Shukla, 
2014). Soils across the world face many stresses that result in their degradation. These include 
erosion, leaching, compaction, salinity and the destruction of soil structure as a result of both 
natural and anthropogenic factors (Hillel, 2011). A range of management practices are used across 
the world to enable soil health to be maintained. A healthy soil has the capacity to function within 
ecosystem boundaries, sustaining productivity and promoting growth of plants and animals (Doran, 
2002). Soil health is related to aspects of the soils’ biological, chemical and physical properties 
(Arriaga, Guzman, & Lowery, 2017). The physical properties of a soil that relate to soil health are 
largely focused on the storage and movement of water through the profile. These physical 
properties are interrelated, and include the soil structure, particle size distribution, porosity and bulk 
density (Shukla, 2014). 
A balance of water and air filled pore space is required for high productivity in plant growth (Shukla, 
2014). This balance is able to be achieved in a soil with good structure, high porosity and low bulk 
density. Soil structural aggregates are formed as individual, fine textured, soil particles bind 
together. Soils with large stable aggregates have a high porosity, which is inversely related to a low 
bulk density. Water in the soil adheres to the surface of the soil aggregates and is held in the pores 
of the soil. Under saturated conditions, all pores in the soil are water filled and as drainage occurs, 
the pores empty from largest to smallest, until the water is held against gravity at which stage it can 
only be removed by external forces. 
To ensure that the physical properties relating to water movement and storage in the soil are 
maintained and improved, soil management practices are implemented. While different locations 
across the world face different challenges, such as climate, soil types present and land use, a 
number of the management practices to mitigate these issues are widely used (Davies, Eagle, & 
Finney, 1997; Hatfield & Sauer, 2011). There has been a shift in soil management best practices from 
traditional farming methods including tillage/cultivation, burning plant residue, flood irrigation and 
generalised fertiliser application to techniques of precision agriculture, green mulching and no-till 
(Hatfield, Parkin, Sauer, & Prueger, 2012; Hillel, 2011; Steiner, 1994). Limiting activities that result in 
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soil degradation and replacing them with practices that improve soil quality reduces the amount of 
leaching, erosion and the associated nutrient loss through improvements to the physical properties 
of the soil (Reicosky, Sauer, & Hatfield, 2011).  
The physical properties of a soil are degraded when practices such as tillage and the use of heavy 
machinery are employed. When the soil is cultivated, the natural soil structure is destroyed, 
reducing the interconnecting pores that form natural pathways for water movement and gas 
exchange (Al-Kaisi, Lal, Olson, & Lowery, 2017). As a result of destroyed soil structure, the porosity 
of the soil is reduced, while the bulk density is increased. The impact on porosity and bulk density is 
also exacerbated by compaction as a result of heavy vehicle movements across the soil surface. The 
results of these changes to the physical properties of the soil include limited water and nutrient 
movement through the soil, decreased infiltration leading to erosion through greater surface run off 
and lower productivity. 
Management practices to improve the soil structure, porosity and bulk density include retaining 
organic matter from previous crops and replacing tillage with practices such as direct drilling. The 
addition of organic matter, such as plant residues and manure, increases the stability of soil 
aggregates. Using direct drilling to sow crops, removing the need to plough the soil, prevents the soil 
structure from being destroyed, the porosity being reduced and the bulk density from being 
increased. It also ensures that the organic inputs remain in high concentrations at the soil surface, 
which is important for its role in the development of soil structure (Shepherd, Harrison, & Webb, 
2002).  
Some physical properties of soils can be complex and hard to measure, and as such are not always 
easily obtainable. The physical properties of the soil are parameters that are key inputs into the 
Overseer nutrient budgeting model. Overseer is used to aid farmers in managing the inputs and 
outputs for their farming systems to achieve target economic and environmental outcomes (Watkins 
& Selbie, 2015; Watkins, Shepherd, & Ledgard, 2015). Pedotransfer functions (PTFs) are used to 
enable the physical properties of the soil that are complex and hard to measure to be estimated 
using easily obtainable data (Webb, 2003; Wheeler, 2018). The properties produced using PTFs are 
then used within the Overseer model, from which nutrient losses from the soil system are 
determined. To enable appropriate land and nutrient management practices to be implemented, 
accurate data for the parameters used is required; however, a lack of knowledge of certain soil 
properties may be resulting in incorrect outputs being generated. In addition to the parameters used 
in Overseer, there are a number of assumptions involved. These relate to the data included in the 
model and reliability of user inputs (Ridler, 2017). Assumptions related to the data used in the PTFs 
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include the assumption that rock fragments in soil have no water holding capacity (WHC), and as 
such the water content of each soil layer is decreased proportional to the amount of stones present, 
with the exception of pumice clasts (Landcare Research, 2018a). 
Until recently pumice clasts in New Zealand Pumice Soils were regarded the same as all other rock 
fragments, essentially void space in the soil (Landcare Research, 2018a). It was recognised that this 
assumption was likely to be incorrect, and an alternative assumption was adopted, namely that 
pumice clasts behave hydraulically like the soil fines they are found in (Landcare Research, 2018a). 
This alternative assumption has been implemented in recent PTFs developed for use in S-map 
(McNeill, Lilburne, Carrick, Webb, & Cuthill, 2018), which aligned with the findings of Will and Stone 
(1967) on a study of the Taupō pumice.  
Pumice is a vesicular, extrusive igneous rock, produced during plinian volcanic eruptions (Allaby, 
2013; Flores-Ramírez, Abel, & Nehls, 2018; Lowe, Balks, & Laubscher, 2014; Schmincke, 2004). It is 
used widely in horticulture, including as a lightweight building material, for filtration in wastewater 
treatment and for various other uses. Pumice clasts produced in different eruptions around the 
world have variations in their physical properties. While the general trends of their behaviour are 
relatively comparable, they are sufficiently distinct in their behaviour that characteristics from one 
deposit cannot be extrapolated to another (Bilardi, Calabrò, Caré, Moraci, & Noubactep, 2013; 
Boertje, 1995; Celik, Family, & Menguc, 2016; Gizas & Savvas, 2007; Raviv, Wallach, Silber, & Bar-Tal, 
2002; Raviv, Wallach, Silber, Medina, & Krasnovsky, 1999).  
In New Zealand, pumice deposits are restricted to the Central North Island and are the parent 
material of Pumice Soils (Hewitt, 2010). Pumice Soils are free draining and have low concentrations 
of a number of essential plant and animal nutrients (Hewitt, 2013; Landcare Research, n.d.-b). To 
ensure maximum productivity occurs with minimal negative environmental impacts when the land is 
used for pastural farming, thorough knowledge of the soils and landscapes is required to carefully 
manage the nutrient and physical limitations of these soils.  
New Zealand’s Central North Island regions, where Pumice Soils are located, hold significant 
economic and cultural values. Within the Waikato region, 52% of the land area is dedicated to 
agriculture and a further 14% is used for commercial forestry (Waikato Regional Council, n.d.). In the 
Bay of Plenty, 24% of the land is used for farming and 20% is under commercial forestry (Bay of 
Plenty Regional Council, n.d). These two regions make a significant economic contribution to the 
country in both forestry and agricultural industries, with a large amount of production occurring on 
Pumice Soils. 
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Forestry activities in the Waikato and Bay of Plenty regions contributes 33% of the national GDP 
generated by this industry. Figure 1.1 identifies the Bay of Plenty and Waikato as the two largest 
generators of income from forestry and its related services (Nixon et al., 2017). Figure 1.2 
demonstrates the contribution of dairy farming and processing to regional GDP. In 2016, the dairy 
industry in the Bay of Plenty contributed over $430 million to the regions’ GDP. The significance of 
dairy related activities is obvious for the Waikato Region, contributing over $2 billion to regional GDP 
in 2016 (Ballingal & Pambudi, 2017). 
Initially, agricultural productivity on Pumice Soils was limited due to low concentrations of essential 
elements. This resulted in New Zealand Pumice Soils being the focus of a number of studies relating 
to their chemical properties. A large portion of these studies occurred between 1900 and the early 
1930’s with a focus on diagnosing the cause of the animal wasting disease ‘bush sickness’. A smaller 
number of studies have looked at the physical properties of the soil to assess their suitability for 
pastoral farming and forestry (Packard, 1957; Read, 1974; Watkins et al., 2015; Will & Stone, 1967). 
As a result of these intensive early studies on the chemistry of the soil, management practices in 
relation to fertilisation were developed and the land has since enabled high productivity. 
In addition to being valuable assets for primary industries, the Waikato and Bay of Plenty regions are 
also tourism hot spots. For the year ending February 2019, tourism spend for the Waikato totalled 
$2.7 billion and $1.89 billion for the Bay of Plenty, contributing a combined total of 16% of the 
national market share for tourism (Ministry of Business Innovation and Employment, 2019). Tourists 
are attracted by the unique geothermal setting, diverse landscapes, high water quality of abundant 
Figure 1.1: GDP ($m) produced by forestry activities and services per region for 2016 (From 
Nixon, Gamperle, Pambudi, & Clough, 2017). 
Material removed due to copyright compliance 
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nearby lakes and the rich cultural history of the area (Rawlings-Way, Atkinson, Bennett, Dragicevich, 
& Slater, 2016).  
Lake Taupō, New Zealand’s largest lake (Land Air Water Aotearoa, n.d.), is renowned for its pristine 
waters. Reductions in the water quality of the lake may have negative impacts on tourism to the 
area. Excess nutrients in lakes lead to algal blooms, some of which can be harmful to humans and 
animals as well as degrading the aesthetic qualities of the lakes (Parliamentry Commissioner for the 
Environment, 2012).This may have a more significant impact in summer, when tourist numbers are 
highest and the lake is used for recreational activities, as the cyanobacterial populations that cause 
the blooms increase due to the warmer temperatures (Wood, Hamilton, Paul, Safi, & Williamson, 
2009). 
In addition to the economic importance of the Bay of Plenty and Waikato regions, the land, water 
and environment are of significant cultural and historical importance. There are a number of Iwi with 
ancestral lands located within the areas where Pumice Soils are found, including Ngāti Tuwharetoa, 
Te Arawa, Tūhoe and Ngāti Awa (Te Puni Kōkiri, n.d.). These Iwi all have strong connections to the 
natural resources found within the Central North Island (NIWA, 2019; Wikaira, 2017). Degrading 
water quality, including the occurrence of toxic algal blooms and low dissolved oxygen levels caused 
by increased amounts of nutrients in water bodies also impacts freshwater ecology (Parliamentry 
Commissioner for the Environment, 2012). Low dissolved oxygen levels have been recorded in 
several Rotorua lakes within the Bay of Plenty Region, with Lake Okaro recorded as nearly 
completely deoxygenated (Landman, Van Den Heuvel, & Ling, 2005). The increased nutrient levels 
Figure 1.2: The 2016 contribution of dairy farming and processing to regional GDP in $ 
million (From Ballingal & Pambudi, 2017).  
Material removed due to copyright compliance 
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and low oxygen levels cases stress within lake ecosystems, which can result in events such as 
significant fish kills, including of Kōura, a valued mahinga kai (Landman et al., 2005; NIWA, n.d.). 
A delicate balance is needed to achieve the economic gains of the primary industries and tourism to 
be met, while retaining the cultural value of the regions. Plans to improve the water quality within 
the two regions have been developed and implemented to reach a balance between agricultural 
productivity and environmental protection (Barnes, 2013; Bay of Plenty Regional Council, n.d.; 
Council, 2011; Waikato Regional Council, 2011). These include planning at a district and regional 
level. For this planning to be effective an accurate estimate of the extent of diffuse pollution of 
nutrients from agricultural and forestry land needs to be obtained so appropriate land management 
strategies can be implemented to achieve the targets that have been identified. 
1.1 Aims  
The aim of this research is to develop a method that enables the hydraulic properties of pumice 
clasts to be obtained. This includes determining the water retention and water release 
characteristics of pumice clasts compared with current estimates that are used in New Zealand’s soil 
information systems. Ensuring the accuracy of information within the soil information systems and 
models used will result in farming system outputs becoming more reliable, allow for areas of 
concern to be correctly identified and the development and implementation of appropriate land 
management practices. 
1.2 Hypothesis 
It is hypothesised that: 
1) Pumice clasts have a water content that is greater than that of the matrix it is found in due 
to the higher vesicularity of pumice clasts than the surrounding matrix. 
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Chapter 2 
Review of the Literature 
2.1 Introduction 
Water stored in soils is an important part of the hydrological cycle, forming the interface between 
the lithosphere and atmosphere through interactions with the various components of the cycle 
(Shukla, 2014). Soil hydrology influences the transport, storage and release of water through the 
soil. Important aspects of water management central to horticulture and agriculture includes 
accounting for drainage, leaching and percolation, groundwater recharge, capillary rise, root and 
plant uptake, evaporation from the soil and transpiration from plants (Lal & Shukla, 2004). 
Knowledge of the hydraulic properties of unsaturated soils is an important part of understanding the 
role of soil in the hydrological cycle and establishing soil management practices appropriate for each 
land use, soil type and climate regime. Numerical models are an important part in determining the 
water storage of soils through predictions of field capacity (FC) and permanent wilting point (PWP) 
(Shukla, 2014). 
2.2 Water storage in soils 
The water content of a soil at any given time is the net result of positive and negative forces that are 
in action within the soil system. Positive forces include those that enable the soil to retain water, 
including adhesion, cohesion and capillarity while negative forces remove water from the soil, such 
as gravity, water uptake by plant roots and evaporation (Lal & Shukla, 2004). 
2.2.1 Matric potential 
Water stored in soils has potential energy, which describes the movement of the water within the 
soil. Water moves from areas of high potential to low potential due to gravity, or from zones of wet 
soil to zones of dry soil. Soil water potential is determined as a relative measure of the energy of soil 
water with respect to the energy of water at a reference state. The reference state of the soil water 
potential is a standard state in which no solutes are present and the only external force present is 
gravity at a reference pressure, temperature and elevation. Measurement of soil water potential is a 
reliable indicator of soil water availability and is an important aspect of irrigation scheduling to 
enable optimal plant growth (He & Weber, 2019; Leib, Grant, & McClure, 2019; Leib, Grant, & Raper, 
2019; Marco, 2010; METER Environment, n.d.-a; Nolz, Kammerer, & Cepuder, 2013). Total soil water 
potential is determined as the sum of the four soil water potentials, gravitational, matric, pressure 
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and osmotic. The matric potential, which results from the forces of adhesion and cohesion that 
occur in the soil, is commonly used in soil water experiments and is a key variable in the soil water 
release curve (Campbell & Campbell, 2005; Marco, 2010).  
There are different methods which are used to lower the matric potential of a soil sample, from 
which the water content of the sample can be determined. Other methods are able to be used in 
situ to measure the matric potential of a soil.  
Pressure plates 
Pressure plate extraction is used when water contents below -100 kPa are needing to be achieved. 
Cores that are less than 10 mm deep are packed with a soil slurry and placed on a porous plate in 
the pressure chamber. The chamber is pressurised above the porous plate and unpressurised below 
the plate, and the soil water is mobilised across membrane using positive pressure. The air pressure 
in the pressurised section is able to be increased, which in turn lowers the matric potential of the 
sample (Soilmoisture equipment corp, n.d.).  
Suction plates 
Suction plates are generally limited to being used to derive the wet end (low suctions) of the water 
release curve (Tokunaga, Olson, & Wan, 2003). Suction plates require a hanging water column, often 
limited to 5 m of suction (Dane & Hopmans, 2002), or a vacuum pump, which is limited to a matric 
potential of -85 kPa, equivalent to a water column depth of 8.7 m (METER Group Inc, 2012). That 
limitation is dictated by cavitation effects in water at greater suctions. 
Unlike the requirement for cores to be no deeper than 10 mm for pressure plate methods (Dane & 
Hopmans, 2002), there is less restriction on core size for suction plate methods. This enables ‘raw’ 
coarse fragments, that have not been ground, crushed or altered, to be included in measurement. 
Dane and Hopmans (2002) advise that cores should be within the height range of 10 - 60 mm for 
most practical purposes to reduce the time it takes for the soil to reach equilibrium. Analysis has 
shown that the time required for a core to reach equilibrium is proportional to the square of the 
height of the sample (Dane & Hopmans, 2002). 
Dielectric permitivity  
Soil water potential can be measured in situ using a device such as the Teros21, which measures the 
dielectric permittivity of a soil. The sensor is installed in the soil during packing and attached to a 
datalogger. Sensors come with factory calibrations for a use in a number of soil mediums, including 
those with perlite and rockwool included.  
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Teros21 devices have limitations at both the wet and dry ends of the range. At the wet end, the 
Teros21 may not respond until the potential is lowered due to the air-entry potential of the ceramic 
discs of -9 kPa. Between -9kPa and -100 kPa the device is calibrated using 4 calibration points, 
providing a level of accuracy ± 10%. Beyond -100 kPa, the device has a lower level of accuracy 
because the device extrapolates beyond the range of calibration, assuming a linear relationship 
between the logarithms of water content and water potential. While this does not produce results 
as accurate as the calibration between -9 and -100 kPa, the accuracy up to PWP at -1500 kPa is still 
sufficient, with low variability between sensors to this matric potential (METER Group Inc, 2019b). 
Dewpoint 
A dewpoint psychrometer, such as the WP4C Dewpoint PotentiaMeter manufactured by METER, is a 
method for determining the water potential of a sample. Samples are placed in a stainless steel cup 
and inserted into the device, which measures the sum of the osmotic and matric potentials of a 
sample from the vapour pressure of air in equilibrium (METER Group Inc, 2019c). Samples inserted 
into the device are required to be of a known water content, with the most common method being 
to fully saturate the sample and then place it in a constant temperature chamber with a set relative 
humidity to evaporate until equilibrium is reached (Dal Ferro, Pagliarin, & Morari, 2014; Ferrari, 
Favero, Marschall, & Laloui, 2014; Parajuli, Sadeghi, & Jones, 2017). 
Manufacturer instructions state that the sample is required to cover the entire base of the sample 
cup and the cup should not be more than half full for an accurate measurement to be taken, to 
avoid damaging the device and contaminating following samples (METER Group Inc, 2019c). The 
requirement for a sample to cover the entirety of the cup base was found to be unnecessary when 
measuring the water potential of rock fragments in a study by Ferrari et al. (2014). In additional 
analysis to assess the appropriateness of using the device to determine the matric potential of shale 
fragments, an average accuracy of 3% was determined, and evaluated to be satisfactory for the 
study (Ferrari et al., 2014). The dewpoint method has low accuracy at matric potentials above -10 
kPa, but is able to be used below -1500 kPa (METER Group Inc, 2019c). This makes this method 
suitable for use in conjunction with other methods, such as with the suction plates, to develop a full 
water release curve. 
2.2.2 Water content 
Water is held in soils by forces of adhesion and cohesion, causing water films to form on the surface 
of soil particles and in large pores. Adhesion is the attraction of water to the soil surfaces. Cohesion 
occurs due to the shearing strength of a film of water that separates individual soil particles, in 
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which the water molecules are attracted to each other due to their polar nature. (Allaby, 2013; 
Cooper, 2016). Capillarity is the way in which water is held in soil pores (Cooper, 2016), when a 
hydraulic head gradient is present across the curved air-water interface (Shukla, 2014). Water rises 
up inside the pores of a substrate, with smaller pores facilitating greater capillary rise and holding 
the water tighter than in larger pores (Cooper, 2016). This enables water to be able to move through 
the soil in all directions and be held against gravity (Shukla, 2014). Soil water content is a measure of 
the mass or volume of water contained per mass or volume of soil (Campbell & Campbell, 2005). 
2.2.3 Measuring soil water 
Quantifying the moisture content of soils is an important aspect of understanding their ability to 
modulate water fluxes in the landscape and support plant growth. This information is used to assist 
with irrigation scheduling, assessing plant water uptake, depth of water infiltration and evaluating 
soil physical properties and processes such as strength, water storage capacity and rate of water 
movement (Lal & Shukla, 2004). 
There are a number of methods used to determine the water content of a soil, each with benefits 
and limitations under different conditions. These methods are grouped as direct and indirect 
methods. 
Direct methods of determining the water content of a soil are based on processes of physically 
removing the water from a sample, followed by the measurement of the water that is removed. 
While these methods can be low cost, such as the gravimetric method, they require destructive 
sampling and are not instantaneous (Lal & Shukla, 2004). 
Indirect methods for determining the water content of a soil are based on water induced changes in 
soil properties that can be measured. These methods all require specialist equipment; however, can 
be carried out in less time than direct methods and are less destructive (Lal & Shukla, 2004).  
Gravimtric 
The determination of the gravimetric water content is a method that is often carried out to enable 
the water content of soil to be determined at the end of an experiment (Dal Ferro et al., 2014; 
Jackson, 1974; Packard, 1957; Will & Stone, 1967).  
Determining the gravimetric water content involves destructive sampling, in which the whole or a 
portion of the samples being studied are weighed to determine the mass of the soil when wet (Mw) 
before air drying the sample at 105°C followed by weighing again to get the dry weight of the sample 
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From the gravimetric water content the bulk density of the sample (𝝆b) and the density of water (𝝆w) 
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Determining the water content of a sample using the gravimetric method is simple and low cost. 
However; it is often not used as a stand-alone method, with other methods used to bring the sample 
to a certain matric potential before the gravimetric method can be used to determine the water 
content. 
Time domain reflectometry 
As an alternative to gravimetric methods, time domain reflectometry (TDR) devices may be installed 
in the soil to measure dielectric permittivity. Dielectric permittivity is the charge storing capacity of 
the soil, a function of the volumetric water content (𝜃), obtained by measuring the return-time of an 
electric charge sent down conductive rods (METER Environment, n.d.-b).  
Coarse fragments present difficulties when using TDR to determine 𝜃 of soils, including refusal of the 
soil to the probes; and if the probes are able to be inserted, compensation of measurements to 
account for the coarse fragment content is required (Coppola et al., 2013).  
TDR sensors, such as the METER Group 5TM, require specific calibration for accuracy from which a 
transfer equation is developed. Detailed instructions on calibration of the sensors to specific soils 
are provided in the METER product operating manual (METER Group Inc, 2019a, n.d.-a). The transfer 
equation used for most soil types is known as Topp’s equation (Equation 2.3), in which the measured 
apparent dielectric constant (Ka) is converted to 𝜃 (Topp, Davis, & Annan, 1980). 
 
𝜃 = −0.053 + 0.0292𝐾𝑎 −  5.5 × 10
−4𝐾𝑎
2 + 4.3 × 10−6𝐾𝑎
3  (2.3) 
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2.2.4 Water retention curve 
Soil water potential and soil water content are related through the soil moisture characteristic curve 
(Campbell & Campbell, 2005; Ferrari et al., 2014; METER Group Inc, 2019b; Shukla, 2014). The soil 
moisture characteristic curve, also known as the water release or retention curve, characterises the 
relationship between soil water content and matric potential. As the pressure or suction applied to a 
soil increases soil matric potential declines, and progressively smaller soil pores become air-filled 
while soil water content decreases (Shukla, 2014).  
2.2.5 Soil moisture status 
Soil water that is stored in pores of the size range 0.2 – 30 μm, is released at matric potentials of -10 
- --1,500 kPa. These two matric potentials are key points on the soil water release curve, FC at – 10 
kPa and PWP at – 1,500 kPa, which describe the moisture status of the soil (Figure 2.1). The 
difference between the water content at FC and PWP is known as the available water content (AWC) 
of the soil (Shukla, 2014). This provides a key data input for quantitative assessment of water 
storage and drainage in agricultural soils for purposes such as irrigation management (Haghverdi, 
Leib, Washington-Allen, Ayers, & Buschermohle, 2015). 
FC is the amount of water stored in a soil after it has drained freely under gravity, with no 
evaporation following full saturation. At FC, all of the macropores have drained and become air 
Figure 2.1: Soil water characteristic curves for soils of three different textural classes. 
pF= log(-φm) where φm is the matric potential in cm, 𝜃 is the volumetric water 
content, WP is the wilting point and FC is field capacity (From Shukla, 2014). 
Material removed due to copyright compliance 
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filled. FC is the upper limit of the amount of water that a soil can store (Lal & Shukla, 2004), and is 
often determined at a matric potential of -10 kPa in laboratory settings (Silva, Kay, & Perfect, 1994), 
which under natural conditions occurs after 1 – 2 days of drainage following an irrigation or 
precipitation event that saturates the soil (Kirkham, 2005). 
The PWP is the lower limit of the soil moisture content, where adhesion and cohesion forces are 
greater than the forces that are exerted by plant roots to extract soil moisture. At this point, the 
water in the soil is unavailable to plants, causing plant leaves to wilt and unable to regain turgidity as 
the retention pores are depleted of water (Lal & Shukla, 2004). In most laboratory studies, the PWP 
is determined at a matric potential of -1500 kPa (Shukla, 2014; Webb, 2003), however; there are 
some plants that are able to grow at matric potentials beyond this point (Kirkham, 2005). 
The soil water stress point is the point at which plant growth is slowed due to limited water 
availability. While this point varies for different plants, plants become stressed when about half of 
the AWC has been used (Bloomer, Curtis, & Reese, n.d.; Brown, Martin, & Craigie, 2010). This is 
often used as a trigger point for irrigation, as plant water is no longer readily available. In laboratory 
based studies, the soil water stress point is recorded at a matric potential of -100 kPa (Bloomer et 
al., n.d.; Webb, 2003). 
Using the FC, PWP and stress point values determined for a soil, the AWC and plant available water 
(PAW) contents of a soil can be calculated. AWC is determined as the difference between FC and 
PWP values for a soil and is a key parameter used in irrigation scheduling, which is an important 
aspect of precision agriculture (Haghverdi et al., 2015). PAW is the amount of water in a soil that is 
able to be extracted by plants without growth limitations. Growth limitations begin to occur once 
soil moisture reaches the stress point, and as such, PAW is the difference between FC and the stress 
point (Bloomer et al., n.d.; Webb, 2003).  
2.2.6 Soil water storage and rock fragments 
It is assumed that rock fragments within a soil have no WHC, and as such the water content of a 
horizon is reduced by the proportion of rock fragments present. The effects of the presence of rock 
fragments on nutrient movement through the soil has been studied widely in relation to increasing 
preferential flow paths in soil as the proportion of rocks present increases (Beibei, Ming’an, & 
Hongbo, 2009). In New Zealand, rock fragments in the soil are commonly treated as having a 
dominant influence on soil hydrology by way of preferential flow paths as opposed to having any 
intra-particle water holding capacity, with no contribution to the total water holding capacity of the 
soil (Bouwer & Rice, 1984; Pollacco, 2016). This is accounted for in predictions of the WHC of stony 
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soils by reducing the water content by the proportion of stones present. This has been recognised as 
being a false assumption for pumice clasts, found in Central North Island Soils, and models have 
been updated to the assumption that pumice clasts have a water holding capacity equal to that of 
the surrounding soil matrix (Landcare Research, 2018a).  
2.3 Pedotransfer functions 
Pedotransfer functions (PTFs) are simulation models that take raw, easily obtainable soil field data 
and translate it into predictions of more complex and useful soil information (Lilburne, Hewitt, & 
Webb, 2012; McNeill et al., 2018; Odeh & McBratney, 2005). PTFs are statistical models that 
describe a relationship between soil properties and mathematical models and have been used 
widely to predict some soil properties from measured data since the 1970’s (McNeill et al., 2018; 
Odeh & McBratney, 2005; Rawls, Brakensiek, & Saxtonn, 1982). A large number of PTF models have 
been developed to predict soil properties in different locations around the world. The models 
developed for each location are not transferable to other locations due to differences in the 
properties of the soil data used in the simulations (McNeill et al., 2018).  
Soil hydraulic PTFs are used in a range of applications in New Zealand, including irrigation 
scheduling, soil leaching losses and soil management (McNeill et al., 2018). An estimate of 𝜃 of a soil 
is the main aim of hydrological PTFs used in New Zealand. The 𝜃 is measured as a function of tension 
and ranges from 0%, when the soil is completely dry, to 100% which represents the soil at 
saturation, with the relationship between 𝜃 and tension known as the water release curve (McNeill 
et al., 2018). Models are required to determine the water content of different soils for various 
tensions, to enable the AWC and PAW to be determined. Determining the water contents of soils at 
different tensions is time consuming and difficult to measure, but is required when calculating the 
water holding capacity and the related limitations of a soil. The data required for the models is 
sourced from the National Soils Database (NSD) and S-map and includes functional horizon 
descriptors, which are explanatory variables that include soil order, texture and structure (Landcare 
Research, 2019a; McNeill et al., 2018). The NSD contains profile data for over 1,500 soil profiles, of 
which 52 are Pumice Soils (Landcare Research, n.d.-a). The data stored in the NSD for each profile 
includes a soil description and soil physical and chemical laboratory analysis data (McNeill et al., 
2018). S-map is the soil information system used in New Zealand. It is operated by Manaaki Whenua 
Landcare Research (Lilburne et al., 2012) and provides functional horizon information that is used in 
PTFs. Functional horizons are groups of horizons that have similar properties, enabling PTFs to cover 
soils with similar hydrological properties (McNeill et al., 2018). 
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The soil hydraulic PTF model that is used in New Zealand is the logit model, in which the 𝜃 at a given 
tension or tension range is fitted using a linear model where the logit-transformed 𝜃 at a given 
tension is the response variable and properties including soil order, rock of fines, the presence of top 
soil and texture are the explanatory variables (McNeill et al., 2018).  
To determine the 𝜃 at 1500 kPa, the equation below is used 
 
    𝑙𝑜𝑔𝑖𝑡(𝜃1500𝑘𝑃𝑎) = 𝑓(⋯ ) + 𝜀    (2.4) 
 
Where 𝑓(⋯ ) is the linear function of the explanatory parameters and 𝜀 is the uncertainty.  
The equation is then transformed to cover the constraining interval of 0 – 100% by calculating the 𝜃 
as differences between tension ranges, such as 100 kPa – 1500 kPa using the equation below 
 
    ∆ =  
(𝜃100 𝑘𝑃𝑎−𝜃1500𝑘𝑃𝑎)
(1−𝜃1500𝑘𝑃𝑎)
     (2.5) 
 
Where ∆ is the difference calculated, making the regression model 
 
    𝑙𝑜𝑔𝑖𝑡(∆) = 𝑓(⋯ ) + 𝜀     (2.6) 
 
Equations 2.2 and 2.3 are repeated throughout the range until the difference of 0 kPa to 5 kPa has 
been calculated and regression completed (McNeill et al., 2018).  
From the 𝜃 at different tensions produced, derived values, such as PAW (Equation 2.4), can be 
produced.  
 
    𝜃𝑃𝐴𝑊 = 𝜃𝐹𝐶 − 𝜃𝑃𝑊𝑃     (2.7) 
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In which 𝜃FC is the water content at FC (10 kPa) and 𝜃PWP is the water content at PWP (1500 kPa) 
(McNeill et al., 2018). 
Prior to June 2013, PAW was calculated using a simple correlation between functional soil horizons 
and measured soil water data from the National Soils Database (NSD), with the soil water content at 
PWP subtracted from the soil water content at FC. If soil horizons contained stones, the water 
content of the horizon was reduced by the proportion of stones present in that horizon, including 
pumice clasts. Since 2013, the PAW of soil horizons has been estimated using hydrological PTFs, 
using soil sand, silt and clay contents, soil type, structure, consistence and topsoil vs subsoil. The 
new method used to estimate PAW found that pumice clasts hold significant amounts of water that 
is available to plants. The output of these PTFs indicate that the water content of the pumice clasts is 
as much as the soil fines that the clasts are found in, with this applied to clasts in Pumice Soils as an 
assumption. While laboratory data in the NSD indicates that this is likely, there is no field 
experimental data for this to be compared with to allow for confirmation (Landcare Research, 
2018a). 
2.3.1 Overseer 
Overseer is a nutrient budgeting and management tool that enables farmers to examine nutrient use 
and movement within a farm (Watkins & Selbie, 2015; Watkins et al., 2015). Overseer is an 
important tool used by Regional Councils in New Zealand to set Resource Management Act (1991) 
limits and objectives related to the National Policy Statement for Freshwater Management (Murray 
& Freeman, 2017). It is currently the best tool available for modelling and estimating nutrient 
movement (Maseyk, Brown, & Taylor, 2018). However, it does have limitations including not being 
able to provide reliable and accurate outputs in some scenarios, such as farming systems on Pumice 
Soils (Watkins et al., 2015). Soil properties entered into Overseer include broad inputs, such as soil 
classification which define default values for a range of soil properties, and site specific properties 
that can be entered to override default values (Pollacco, Lilburne, Webb, & Wheeler, 2014). The 
values used and entered into Overseer are part of the production of a range of estimates, including 
soil water content, leaching and greenhouse gas emissions (Overseer, n.d.). To improve estimations 
of the soil water contents in stony soils, non-standard layers were developed to be used as subsoil 
profile descriptors. There are three non-standard layer categories, defines as:  
• Sandy - where the subsoil profile is sandy (not applicable to Pumice Soils),  
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• Stony - when there is ≥50% stones in a sandy matrix, or  
• Stony Matrix - when there is ≥50% stones in a loamy or clayey matrix (Roberts et al., 2015; 
Wheeler, 2018).  
A stony non-standard layer was used in a study of two Rotorua dairy farms, situated on Pumice Soils, 
which compared the Overseer estimates for drainage and leaching with values determined using the 
daily water balance model from Woodward, Barker, and Zyskowski (2001) (Equation 2.5).  
 
   𝑊(𝑡 + 1) = min (0, 𝑊(𝑡) + 𝑟𝑎𝑖𝑛(𝑡) − 𝐴𝐸𝑇(𝑡))  (2.8) 
 
in which W is the soil water deficit in mm, t is time in days, rain is the daily rainfall in mm d-1 and AET 
is actual evapotranspiration in mm d-1 (Woodward et al., 2001). 
The results of this study indicate that work is still needed to improve the non-standard layer as the 
estimated drainage values produced using Overseer were much less than the drainage values 
produced using the values obtained using the Woodward et al. (2001) model, which were regarded 
as the measured values in the study (Watkins et al., 2015). This corresponds to the N leaching 
estimates also being underestimated for Pumice Soils, where a non-standard layer is used. Further 
research is needed into the properties involved in a non-standard layer to ensure better 
representation of the water contents of soil types that require the use of a non-standard layer for 
water content estimates (Watkins et al., 2015).  
2.4 Pumice 
Pumice clasts are used in many places throughout the world as a popular horticultural growing 
medium (Boertje, 1995; Flores-Ramírez et al., 2018; Gizas & Savvas, 2007; Gunnlaugsson & 
Adalsteinsson, 1995; Papadopoulos, Bar-Tal, Silber, Saha, & Raviv, 2008; Raviv et al., 1999; Sahin, 
Ercisli, Anapali, & Esitken, 2004a, 2004b). Consequently, pumice’s physical properties have been the 
focus of a number of laboratory studies. These studies have shown that while the physical 
characteristics of pumice from different deposits generally have a high porosity and low bulk 
density, there is significant variability (Boertje, 1995; Flores-Ramírez et al., 2018; Gizas & Savvas, 
2007; Gunnlaugsson & Adalsteinsson, 1995; Papadopoulos et al., 2008; Raviv et al., 1999; Sahin et 
al., 2004a, 2004b). 
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In New Zealand, pumice produced in eruptions between 1,700 – 3,500 years ago is the parent 
material in which Pumice Soils are formed (Hewitt, 2013). Pumice Soils cover 7% of New Zealand’s 
land area, largely confined to the Waikato and Bay of Plenty regions of the Central North Island 
(Landcare Research, 2018b). These regions are where a number of New Zealand’s significant lakes 
are located, including Taupō, Rotorua and Rotoiti (Land Air Water Aotearoa, n.d.). Trends over the 
past 50 years have indicated that the water quality in a number of Central North Island lakes has 
declined (Vant, 2013). As a result of intensifying land use and development, elevated concentrations 
of nitrate within most streams feeding into Lake Rotorua have been observed, and in Lake Taupō the 
nitrate levels in the bottom waters of the lake have also increased (Carter, 2018; Morgenstern et al., 
2015; Waikato Regional Council, 2011). Action has been taken to prevent the lake water quality from 
declining further. Within the Lake Taupō catchment, a target to reduce the amount of human-
generated nitrogen (N) entering the lake by 20% was enacted (Waikato Regional Council, 2011), with 
the plan including stock exclusion from water bodies, the introduction of a N ‘cap-and-trade’ scheme 
(Barnes & Young, 2013), removal of N from wastewater (Waikato Regional Council, 2011), and 
nutrient management through the development of nutrient budgets (Bay of Plenty Regional Council, 
n.d.). To ensure that the outputs obtained from the nutrient budgets are an accurate representation 
of reality, further investigation into the reliability of model inputs is required, particularly the water 
holding capacity of pumice clasts. 
2.4.1 Formation 
Pumice deposits are distributed around the Pacific Ring of Fire (Figure 2.2) at subduction zones, 
where one tectonic plate is forced beneath another (Lowe et al., 2014). Rhyolitic volcanism has been 
a dominant part of volcanism in the Taupō Volcanic Zone (TVZ) (Figure 2.3) since 0.7 million years 
ago (ma). Between 2 ma and 0.9 ma, the volcanism in the TVZ was dominantly andesitic, 
characterised by drier pyroxene-plagioclase liquid lines of descent. Approximately 0.9 ma, an 
acceleration in rifting of the volcanic arc in which the TVZ is located occurred. This rifting triggered a 
change in the composition of magma in the TVZ, with a shift occurring from being dominantly 
andesitic to the dominant eruptives being rhyolitic since ~0.7 ma (Deering, Bachmann, Dufek, & 
Gravley, 2011; Wilson et al., 1995). An increase in water in the magma as a result of the rifting 
appears to have caused a shift in the composition of the magma from the drier andesitic liquid lines 
of descent, to a wetter liquid line of descent that reflects the presence of hornblende and Fe – Ti 
oxides found in the rhyolite (Deering et al., 2011). The change in the liquid lines of descent first 
produced a dacitic magma, which became trapped under the mantle, where the magma would 
crystallise to >50%, forming an upper crust mush. This stored large amounts of rhyolitic melt that 
was later erupted (Deering et al., 2011).  
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Other theories that have attempted to explain the process of rhyolite formation in the TVZ include 
advanced fractional crystallisation of basalt in the mantle then assimilation of andesitic lower crust 
and massive heat transfer from the mantle to the crust causing crustal fusion (Graham, Cole, Briggs, 
Gamble, & Smith, 1995). These processes have been discounted following more recent analysis of 
the mineral phases which do not record a compositional gap, which would be expected if melting 
and mixing of rhyolite with andesite had occurred (Deering et al., 2011).  
Pumice is formed as the gasses in gas rich magmas expand due to a decrease in pressure in the 
magma chamber. This causes the gas to froth as it is expelled from the volcano. This more commonly 
occurs when the composition of the magma is rhyolitic, which is more viscous than basaltic and 
andesitic magmas. 
There are a number of different volcanic centres across the North Island of New Zealand that have 
produced pumice that constitutes the parent material from which the existing pumice soils and the 
paleosols beneath them have formed.  
The composition of the magma is an important factor that drives the physical properties of the 
pumice. Pumice can be formed from andesite when the magma is supersaturated with gas, as was 
the case in the 1655 AD eruption at Mt Taranaki, which produced the Burrell Lapilli (Efford, Clarkson, 
& Bylsma, 2014; Topping, 1972). Andesitic pumice differs from rhyolitic pumice due to its lower SiO2 
content, the presence of more early formed crystals, such as olivine, and has a higher bulk density 
and lower porosity. The clasts of the Burrell pumice deposit are a higher bulk density than what is 
found in rhyolitic pumice, recorded as having a bulk density of 0.9 g cm-3 for the clasts and 1.3 g cm-3 
Figure 2.2: The Pacific Ring of Fire is made up of a series of volcanic arcs and ocean 
trenches that partially encircle the Pacific Basin (From Jacquelyne & Tilling, 1999). 
Material removed due to copyright compliance 
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for the pumice flow (Platz, 2007). This is higher than TVZ pumice which is not generally greater than 
0.8 g cm-3.  These pumice clasts are very firm and angular and are of the lapilli size fraction (Allaby, 
2013). 
Pumice Soils in the Central North Island Regions of the Waikato and Bay of Plenty are predominantly 
formed from material produced in the 232 ± 10 AD Taupō eruption and the 1314 AD Kaharoa 
eruption (Hogg et al., 2012; Nairn et al., 2004). The more recent Kaharoa eruption overlies tephras 
from the Taupō eruption in the northern extent of the Pumice Soils near the Bay of Plenty, while the 
Taupō ignimbrite and the Taupō pumice layer are the parent material of a majority of the rest of the 
Pumice Soils (Nairn et al., 2004). There are a number of earlier eruptions that also deposited 
material across the Central North Island, such as the 26.5 BP Oruanui eruption, also centred in Lake 
Taupō; however, the eruptive material and the paleosol soils that have formed from these eruptions 
have since been buried by material deposited in more recent eruptions. The WHC of this material 
may be of interest in studies in locations such as the Galatea Basin, where soil flipping has been 
trialled to increase the WHC of the soil, with paleosols brought to the surface, which contain pumice 
from older eruptions (Laubscher, 2014). 
The Kaharoa eruption from the Horohoro caldera at Mt Tarawera consisted of 11 phases, most of 
which produced rhyolitic pumiceous material. These pumices have a moderate vesicularity of 40 – 
60%, are a white/cream colour and have a high SiO2 content of 76 – 78%. The tephras were first 
blown south – east before the wind changed and the material was deposited to the north – west of 
the caldera, covering a large portion of the Bay of Plenty region. 
The 232 ± 10 AD Taupō eruption consisted of 6 phases, of which two are of particular importance to 
the formation of soils, the Taupō plinian pumice and the ignimbrite. Material produced during the 
Taupō plinian pumice phase of the eruption was carried east by the prevailing wind over parts of the 
Waikato, Bay of Plenty, Gisborne and Hawkes Bay regions, while the collapse of the eruption column 
triggered the Taupō ignimbrites, a flow of pyroclastic material that moved rapidly across the 
landscape, placing a layer of pumiceous material in an 80 km radius around the caldera.  
 
The 232  10 AD Taupō eruption produced 105 km3 bulk volume of volcanic material that mantled 
the surrounding landscape (Wilson & Walker, 1985). The eruption consisted of six phases, including 
a number of ash and pumice eruptions (Figure 2.3) ejecta from which were transported eastward by 
the prevailing wind, covering the eastern Central North Island, as shown in (Figure 2.4). These plinian 
eruption phases were followed by a series of pyroclastic flows, which emplaced ignimbrites covering 
an area of 20,000 km2 around the vent (Figure 2.4) (Hogg et al., 2012; Wilson, 1985; Wilson & 
Walker, 1985). The tephra and ignimbrite flows deposited by this eruption sequence provided the 
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parent material in which a large amount of the Pumice Soils have formed from. These soils are 
pedogenically young, in which the clasts present have undergone little weathering (Cowie, 1974; 
Schaetzl, 2015). 
The volcanic material that the soils surrounding Lake Taupō, and a large portion of the wider region, 
are formed from was produced in the 232 ± 10 AD Taupō eruption (Hewitt, 2013; Hogg et al., 2012). 
This mid-Quaternary eruption was the largest explosive eruption to occur globally in the last 7000 
years (Wilson & Walker, 1985), consisting of six different phases from a caldera situated in Lake 
Taupō, where the Horomatangi Reefs are today (Hogg et al., 2012; Wilson & Walker, 1985). The 
Figure 2.3: Phases of the 232 ± 10 AD Taupō eruption. The 'V' shaped incision into the 
Hatepe Ash indicates a break in the eruption lasting approximately 3 weeks, in 
which erosion (E) caused by torrential floods from high rain carved gullies into the 
soft ash deposit (Lowe & King, 2015). 
 
Figure 2.4: The Taupō Volcanic Zone, a 300 km long volcanic depression in the Central 
North Island of New Zealand and the extent of the area covered by the Taupō 
Ignimbrite and 10 cm isopach for airfall material (From Hogg et al., 2012). 
Material removed due to copyright compliance 
Material removed due to copyright compliance 
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eruption sequence began with an initial phreatomagmatic ash, generated from the interaction 
between the hot magma and water that was in the vent. The top of the crater is thought to have 
been at, or just below, the surface of the lake, producing the minor plinian eruption. Due to the 
limited dispersion of the ash, reaching an extent of 20 – 25 km around the vent, it is thought that the 
eruption column reached a height of 10 km, with the ash carried eastwards by a south westerly 
wind. This initial ash stage of the eruption is thought to have only lasted a few hours and it appears 
to have cleared the vent of water, as indicated by the dry plinian phase that followed (Wilson & 
Walker, 1985) 
The Hatepe plinian pumice was produced by a continuous gas blast, with coarse pumiceous material 
produced. This stage of the eruption had a greater mass eruption rate than the preceding ash phase, 
with the pumice material produced being more widely dispersed than the initial ash. The tephra 
produced in this eruption phase was deposited predominantly to the east of the vent. This eruption 
stage is thought to have lasted for around 10 – 30 hours, with the eruption column reaching 30 km 
high, which was maintained by a discharge rate of 13,000 – 40,000 m3 s-1. The Hatepe plinian pumice 
was followed by the Hatepe phreatoplinian ash. This phreatoplinian eruption phase has 
characteristics that indicate that the ash interacted with a large amount of surface water, as 
opposed to with the water inside the vent which occurs in most phreatoplinian eruptions. The 
pumiceous characteristics of the ash indicates that the vesiculation and fragmentation levels were 
occurring at a considerable depth inside the vent, producing a denser deposit than the underlying 
pumice (Wilson & Walker, 1985).  
Following this stage of the eruption was a pause in the sequence, which may have lasted from a few 
hours to several weeks. During this stage, a considerable amount of water entered the vent and 
penetrated deeply. A large amount of erosion resulting in deep gullies forming in the Hatepe ash 
also occurred during this break (Figure 2.3) concentrated near the vent and the surrounding area. 
The cause of this erosion is likely to have been from a water source that was not uniform, such as 
widespread rain, however, it is more likely to be from a water spout that was ejected from the vent, 
as the degree of gullying decreases with increasing distance from the vent. The pause in the eruption 
and the period of erosion was followed by the Rotongaio phreatoplinian ash, composed of poorly 
and non-vesiculated obsidian glass. This eruption was of phreatoplinian nature and may have lasted 
from a few hours to tens of hours. The ashes dispersed by the phreatoplinian eruptions are much 
less than that of the dry plinian eruptions, indicating that the eruption columns of the dry plinian 
events were much higher. The water that penetrated into the vent during the break was expelled 
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during the Rotongaio ash phase, leaving the vent dry for the Taupō plinian pumice phase that 
followed (Wilson & Walker, 1985).  
The pumice produced in the Taupō plinian pumice phase of the eruption is of very low density as the 
vesiculation and fragmentation surfaces moved down within the vent rapidly (Wilson & Walker, 
1985). The Taupō plinian pumice event is the most powerful plinian eruption event documented and 
the term ultraplinian was developed in the 1980’s to indicate that the eruption column was thought 
to have reached a height of 50 km. Recent research has concluded that the eruption column was 
unlikely to have reached this height, with a height range of 35 - 40 km considered to be more likely, 
which does not fulfil the criteria of the title ultraplinian (Houghton, Carey, & Rosenberg, 2014). 
While this eruption is likely to not be as violent as first thought, it is still the most powerful eruption 
to have occurred in the last 7000 years (Hogg et al., 2012; Houghton et al., 2014). The high eruption 
rate of the Taupō plinian pumice dropped in the fragmentation levels in the vent resulting in the 
magma chamber being unsupported and causing a caldera collapse, widening the vent significantly. 
This widening may have caused the eruption column to collapse, triggering the Taupō ignimbrite 
flows (Wilson & Walker, 1985). 
Ignimbrites are pyroclastic flows emplaced across the landscape (Allaby, 2013). The early ignimbrite 
flow is imbedded with the Taupō plinian pumice within 15 km of the vent. The proximal early flow 
units are composed of lithic fragments and pumice clasts up to 20 cm across. Beyond 15 km, in the 
distal regions, clast size reduces to 10 cm and the flows are absent of coarse pumice. Interbedding 
layers are also thinner than what is found at the proximal outcrops. The Taupō ignimbrite is 
separated from the early ignimbrite flow both genetically and stratigraphically. The distribution of 
the ignimbrite flow was not influenced by the topography as the ignimbrite covers a near circular 
area with the outer limit reaching 80 ± 10 km from the vent, covering an area of around 20,000 km2 
(Figure 2.2). In some locations the flows have followed valleys and river channels, extending flows 
beyond the 80 km boundary, which have formed aggregational terraces. The flows have been 
identified to have climbed over 700 m and there is evidence that the outer limit of the ignimbrite is 
where the flow ran out of material as opposed to energy. The velocity of the ignimbrite flows were 
able to be derived from the height of the relief that the flow traversed and it has been estimated 
that the minimum velocity was greater than 150 m s-1, while it may have exceeded 250 – 300 m s-1 
near the vent (Wilson & Walker, 1985). 
The Taupō ignimbrite is made up of two main layers, layer 1 and layer 2, which have significant 
distinguishing properties. Layer 1 was generated by the processes that occurred in or ahead of the 
pyroclastic flow head, whereas layer 2 was deposited by the body of the flow. There are two other 
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layers of ignimbrite also emplaced which are of less significance; layer 3, an airfall of ash that was 
above the flow, and the distant facies, found at the outer most extent of the flow where velocity was 
high but the material was depleted (Wilson, 1985). The ignimbrites are entirely non-welded and are 
of low-aspect ratio, thinly covering a large area (Wilson & Walker, 1985). 
2.5 Pumice Soil (NZSC) 
Pumice Soils are dominated by pumiceous and glassy skeletons, have low soil strength and are 
susceptible to erosion. Pumice Soils typically have clay contents of less than 10%, of which this 
fraction is dominated by allophane, a non-crystalline amorphous mineral (Allaby, 2013; Hewitt, 
2010, 2013). The Pumice Soil order in the New Zealand Soil Classification is divided into three 
groups, Orthic, Impeded and Perch-Gley Pumice Soils (Hewitt, 2010), shown in Figure 2.5. Orthic 
Pumice Soils are often free draining and deep rooting. Impeded Pumice Soils are characterised by 
the presence of a layer, such as welded ignimbrite, in the soil profile that severely restricts the 
movement of water and root penetration. Perch-Gley Pumice Soils occur under periodic saturation 
due to the presence of a perched water table on a slowly permeable subsurface layer (Hewitt, 2010). 
In the U.S. Soil Taxonomy, Pumice Soils are part of the Andosol soil order, which encompasses soils 
Figure 2.5: Soil groups of the Pumice Soil order found in the Central North Island of 
New Zealand. A further small area of Orthic Pumice soils are found to the south 
east of Mt Taranaki (Map created in QGIS with soil data from Landcare 
Research, 2010). 
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that have formed in volcanic ash (Soil Survey Staff, 1999; Takahashi & Shoji, 2002). Within the 
Andosol soil order, Pumice Soils are most closely aligned with the Vitriaquand and Vitricryand great 
groups of the Vitrand suborder (Hewitt, 2010; Soil Survey Staff, 1999; Takahashi & Shoji, 2002). 
While there have been no studies on the role of pumice clasts in water storage in New Zealand 
Pumice Soils, there have been a number of studies focused on other aspects of these soils. The 
chemistry of these soils was studied in the first half of the 1900’s to determine the cause of ‘Bush 
Sickness’, an animal wasting disease. In the early 1930’s it was found that the disease was caused by 
a deficiency of cobalt in the soil as a result of high concentrations of molybdenum. Other studies of 
the chemistry of Pumice Soils during the 20th century came as a result of other animal health issues, 
including white muscle disease in lambs and calves, infertility in ewes and unthriftiness in all stock, 
which were attributed to a deficiency in selenium in the soil (Andrews, 1974; Clare, 1999). 
The physical properties of Pumice Soils have also been the focus of studies to determine the 
suitability of the land for agriculture and forestry. A majority of agricultural studies have found that 
the soils are free draining with low drought tolerance and rapid onset of moisture stress for pasture 
species (Gordon, 1971; Noble, 1974).  
To improve the readily available water content of Pumice Soils used for pasture production, the 
Galatea Soil Flipping Project in the Bay of Plenty was implemented. In this trial, the soils were mixed 
using a digger, bringing developed paleosols (buried soils) to the surface, with WHC, soil heat 
transfer properties, pasture root development and soil fertility quantified in comparison to 
undisturbed Pumice Soils. The trial occurred over two years, one of which was the longest drought 
since 2007. While the pasture on the control soil did not survive the drought, the pastures on the 
flipped soils remained green, and over a 12 month period the flipped soil treatments produced more 
dry matter per hectare than the control treatments. The flipped soils had considerably more readily 
available water than the undisturbed soils and more even temperatures throughout the soil 
(Laubscher, 2014; Lowe et al., 2014). 
In contrast to the pasture based studies that are largely concerned with the properties and 
characteristics of the upper soil profile where the root zones of pasture species are located, forestry 
based studies have concluded that there is sufficient available water to sustain growth through 
periods of low rainfall (Will & Stone, 1967). This water is stored in the deeper subsurface horizons, 
accessible by the roots of the main forestry species, Pinus radiata. In a study of the suitability of  
Pumice Soils for forestry on the Kaingaroa plateau, Will and Stone (1967) found that growth in P. 
radiata continued steadily through periods of drought which affected pasture production and under 
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conditions that slowed P. radiata growth on other soil types. The deep root systems of forestry 
species enables the trees to access water stored in deeper horizons that is unavailable to pasture 
species (Will & Stone, 1967). Pumiceous material is found in greater amounts in sub-soil layers in the 
soil profile (Landcare Research, 2019b, 2020), potentially impacting the water availability of the soil 
for forestry species. The location of the studies are also likely to have affected the results observed, 
with a majority of pastural studies occurring on areas dominated by free draining Orthic Pumice 
Soils, while forestry and its related studies have mainly occurred on the Kaingaroa Plateau, an area 
covered by Impeded Pumice Soils (Landcare Research, 2018b). The latter is characterised by a 
subsoil layer that is slowly permeable, restricting water movement or roots within 90 cm of the soil 
surface (Hewitt, 2010; Landcare Research, 2018b). This is often due to compaction or the presence 
of welded ignimbrite layers (Hewitt, 2010). 
2.6 Pumice clast physical properties 
Pumice is formed in explosive volcanic eruptions from silicic magmas that are rich in gasses and 
volatiles. When the pressure in the magma chamber is released rapidly during an eruption, the 
volatiles exsolve and gasses expand in the magma resulting in the formation of low density pumice. 
This causes the magma to bubble and froth, forming low density rock once cooled (Challinor, 1996; 
Papadopoulos et al., 2008). The use of pumice clasts in a range of applications has led to the physical 
properties of the clasts being the focus of a number of studies internationally, as outlined in Table 
2.1. The majority of these studies have focused on the use of pumice clasts in horticulture and have 
found that the physical properties of pumice clasts are influenced by the size of the clast, 
subsequently influencing plant growth and yield. Gizas and Savvas (2007) found that as clast size 
increased, the bulk density decreased and total porosity increased. This relationship between clast 
size, bulk density and porosity was also found by Dal Ferro et al. (2014). The bulk density of pumice 
is typically low, ranging from 0.3 – 0.8 g cm-3 (Dal Ferro et al., 2014; Papadopoulos et al., 2008; Raviv 
et al., 1999). As indicated by the relationships described by Gizas and Savvas (2007) and Dal Ferro et 
al. (2014), pumice porosity is high, ranging from 0.64 – 0.85 m3 m-3 (Boertje, 1995; Challinor, 1996; 
Gizas & Savvas, 2007; Lockwood & Hazlett, 2010; Raviv et al., 1999). Pumice porosity has been 
determined to be bimodal, with dual-porosity models used to fit parameters to water release curves 
developed for pumice clasts to accurately describe water movement within the clast (Blonquist, 
Jones, Lebron, & Robinson, 2006; Dal Ferro et al., 2014). Using dual-porosity when describing water 
movement in horticultural studies, in which pumice only treatments of varying size fractions were 
used, ensures that both intra-aggregate pore space (within the clast) and interaggregate pore space 
(between clasts) is accounted for (Blonquist et al., 2006; Dal Ferro et al., 2014). It is unclear if this 
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model has been applied when pumice clast and soil fines mixes have been used. Blonquist et al. 
(2006) presents a hydraulic critical point when discussing dual-porosity, in which intra-aggregate 
pore space is water filled and interaggregate pore space is air filled. This is an important aspect of 
water availability from pumice clasts, which is affected by hydraulic conductivity. As the suction 
applied to a core containing pumice is increased, the unsaturated hydraulic conductivity of the core 
decreases rapidly, resulting in a steep drop in the water content at matric potentials just below 0 
kPa. This is more pronounced in larger clasts, which typically have larger pores that drain rapidly, 
with small clasts having smaller pores (Dal Ferro et al., 2014; Gizas & Savvas, 2007; Raviv et al., 2002; 
Raviv et al., 1999). While larger pores and lower hydraulic conductivity would correspond to 
improved root zone aeration, the AWC is decreased to a greater extent than occurs in smaller clasts. 
This is supported by the findings of Özhan, Özcan, and Gökbulak (2008), in which ground pumice 
sourced from Turkey was added to different soil textural classes. Treatments in which pumice 
ground to 2 mm was added improved the WHC of coarse textured soils (sand and sandy loam) 
(Özhan et al., 2008), indicating a high WHC of small clasts. In contrast to this, Sahin, Ors, Ercisli, 
Anapali, and Eistken (2005) found that strawberry plant growth in a soil-pumice mix was greatest in 
treatments with clast size between 4-8 mm, as opposed to 2-4 mm, attributed to greater root 
aeration. 
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Table 2.1: Physical properties of pumice clasts used in various international studies. 𝝆p – particle density, 𝝆b – bulk density, φT – total 
porosity, FC – Field capacity, PWP – Permanent wilting point, AWC – Available water content, EAW - easily available water. 
Author Origin Size grade 𝝆p 𝝆b ΦT FC PWP AWC EAW 
    mm g cm-3 g cm-3 % % % % % 
Flores-Ramírez et al. (2018) Germany 2-12 mm 2.12 0.57 73% 11 2 9 
 
Gizas and Savvas (2007) Greece 4-8 mm  0.62     1.07 





Italy 7-12 mm 2.47 0.32 45%   10  
Lockwood and Hazlett (2010) 
 
   64-85%     
Gabriel, Altland, and Owen (2009) Oregon <9.5 mm  0.41 77%     
Boertje (1995) Iceland 
  
0.4 85% 
   
5 
Raviv et al. (1999) Italy 
  
0.71 70% 






   
2.1 
Sahin et al. (2005) Turkey 2-4 mm 2.24 0.38 
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Author Origin Size grade 𝝆p 𝝆b ΦT FC PWP AWC EAW 
    mm g cm-3 g cm-3 % % % % % 
Özhan et al. (2008) Turkey <2 mm 
   
32 11 21 
 
Parajuli et al. (2017) Various 25 mm  0.96      
Marinou, Chrysargyris, and Tzortzakis (2013) Greece <8 mm 
 
0.63 68% 
    
Gunnlaugsson and Adalsteinsson (1995) Iceland 0-6 mm  0.4 80%     
 
Iceland 1-4 mm 
 
0.4 82% 
    
 
Iceland 0-1 mm  0.4 85%     
Pérez-Urrestarazu, Fernández-Cañero, Campos-
Navarro, Sousa-Ortega, and Egea (2019) Spain 
0.0625-4 mm  0.83 56%    3.8 
Maloupa, Abou Hadid, Prasad, and Kavafakis (2001) Greece 0-5 mm  0.85 55%     
 
Greece 5-8 mm 
 
0.63 67% 
    
 
Greece 8-16 mm  0.54 69%     
Banitalebi, Mosaddeghi, and Shariatmadari (2019) Iran <2 mm 2.48 0.98 60% 
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Author Origin Size grade 𝝆p 𝝆b ΦT FC PWP AWC EAW 
    mm g cm-3 g cm-3 % % % % % 
Grzegorz et al. (2018) Poland 3-6 1.28 0.69 
 
31 14 17 
 
Seoane, Vence, Svartz, and Barbaro (2018) Argentina 0.062 - 2  0.28 89     




    
Flint and Childs (1984) Oregon 2-4.75 2.33 1.11 52   12.1  
 









2.7 Determining pumice water content 
Different methods have been used to determine the water content of pumice clasts in international 
and domestic studies. These studies have included methods to alter the matric potential of the clasts 
and measurement of the water contents at the different matric potentials reached. Methods used 
have included pressure plates, suction plates, TDR and gravimetric methods. 
2.7.1 Pressure plates 
In international studies using pressure plates to determine the water content of graded, whole 
pumice clasts, repacked cores were often used, enabling specific treatments to be implemented and 
replicated. When packing samples containing pumice clasts in increments to a target bulk density, 
the size of the fragments included are limited to less than the height of each packing layer; however, 
the size of the pumice clasts being studied is in most situations is likely to be greater than the 10 mm 
height used for packing cores for use with pressure plates. Pumice clasts found in New Zealand 
Pumice Soils range in size from <2 mm to >70 mm, with the bulk density of clasts increasing as clast 
size decreases. This relationship is demonstrated in the reverse – grading effect seen in lacustrine 
environments, where the denser, smaller clasts sink before the larger pumice clasts (White et al., 
2001). As a result of the size requirement when packing cores for use with this method, whole and 
unaltered clasts are unlikely to be representative and provide a reliable indication of the water 
content of pumice clasts found in New Zealand Pumice Soils.  
Two international studies used pressure plates with repacked soil cores for studies where the 
limitation of clast size due to the shallow depth of the cores were not an issue. The first study, by 
Volterrani and Magni (2012), on the suitability of different porous volcanic materials, sourced from 
Italy, for use in root zone mixes for sports fields and turfs, used unaltered pumice clasts up to 4 mm 
in diameter. The material was packed into 10 mm deep cores with a diameter of 52 mm, saturated 
and placed in the pressure chamber with matric potentials from -33 kPa (FC) to -1,500 kPa (PWP) 
applied for a soil water release curve to be developed (Volterrani & Magni, 2012). This study found 
that pumice clasts between 2 – 4 mm had a AWC that was greater than clast size fractions below 2 
mm (Volterrani & Magni, 2012). The second study, by Özhan et al. (2008) on pumice sourced from 
Turkey, used repacked soil cores of an unspecified size for use in a pressure chamber. The cores 
were packed with mixtures of pumice ground to 2 mm and soils of different textural classes. This 
study found that a mixture of 50% ground pumice and 50% soil fines significantly increased the AWC 
of all soil textural classes, with the exception of clay loam (Özhan et al., 2008). Grinding the pumice 
destroys the natural structure and porosity of the fragments and although this may be useful in 
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horticultural applications, it does not provide a representation of the WHC of natural pumice 
fragments in situ.  
The main advantage of the pressure plate method when developing a full soil water release curve is 
the range of 0 kPa to 1500 kPa that is able to be covered using a single method (Soilmoisture 
equipment corp, n.d.; Volterrani & Magni, 2012). Care must be taken, as while retaining soil 
structure is not important when developing the wet end of the soil water release curve, it is 
important when determining the water content of samples near saturation, as this is where the 
large pores in the soil are drained (Cooper, 2016). This is not likely to have an impact in situations 
such as the study by Özhan et al. (2008), in which ground pumice is used, eliminating the need to 
consider the natural structure of the pumice, as should be a consideration in studies involving 
unaltered clasts, as were used by Volterrani and Magni (2012). 
The dry end of the soil water release curve for a range of aggregated porous media was developed 
using pressure plate extraction with cores 10 mm deep. Of the four porous media types used in this 
experiment, pumice were the largest clasts used, measuring 3.2 – 9.5 mm, while the next largest 
material analysed was turface at 2.0 – 5.0 mm and the smallest material, profile, at 0.25 – 0.85 mm 
(Blonquist et al., 2006). To avoid variation in the physical properties of each of the media, the same 
size fraction was used when developing the wet end of the soil water release curve using a suction 
method, despite deeper cores used for the wet end experiment. 
Pressure plate apparatus were used in two New Zealand based studies on Pumice Soils. These two 
studies used the pressure plates to assess the PWP of the soils at -1,500 kPa, to compare with PWP 
values obtained using dwarf sunflowers in glasshouse trials. The first study by Packard (1957), used 
repacked soil cores with material that had been sieved to 2 mm. Packard (1957) found that the soil 
fines required longer than a week to reach saturation and greater than 2 weeks for equilibrium to be 
reached at -1,500 kPa. The study by Will and Stone (1967) on Pumice Soils on the Kaingaroa Plateau 
included a horizon of the Taupō lapilli. The size of the cores and grade of the lapilli included in this 
experiment were not stated; however, Will and Stone (1967) note that all horizons required 10 days 
to reach equilibrium at -1,500 kPa, as opposed to the 14 days determined by Packard (1957). 
2.7.2 Suction plates 
A number of different suction methods have been used when determining the water content of 
pumice and other coarse fragments at the wet end of the soil water release curve. This includes 
sandboxes, tension tables and suction plates with vacuum.  
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Small soil cores that were 20 mm deep were used with the hanging water column method, described 
by Dane and Hopmans (2002), in the study by Blonquist et al. (2006) on aggregated porous media, 
including pumice. Using this method, 0.0 and -0.3 meters of head, the equivalent of 0.0 and -2.9 kPa, 
were applied to the cores. When using suction methodology, the limitation of core height present 
when using pressure plate apparatus does not apply, enabling larger samples and clasts to be 
analysed. The small cores used in the experiment by Blonquist et al. (2006) were selected as the size 
of the clasts used were small and so the variation in head from the top of the core to the bottom 
could be neglected.  
In a study on the moisture characteristics of the porous Hanford Gravels, Tokunaga et al. (2003) used 
gravels packed into 30 mm deep modified large Tempe cells. Prior to packing, the gravels were 
saturated overnight at subatmospheric pressure (2.3 kPa). The cell was placed on a fritted glass plate 
and an outflow pipette was attached (Tokunaga, Wan, & Olson, 2002). While this study did not 
involve pumice clasts, the porous nature of the Hanford Gravels indicate the suitability of suction 
plates when developing the wet end of the water release curve for other porous materials.  
The water retention curve in a horticultural study on the hydraulic properties of pumice as a growing 
medium by Gizas and Savvas (2007) was developed through the use of a sandbox apparatus. After 5 
days of saturation, a head of 100 cm of suction was applied using this method, equivalent to -9.8 
kPa.  
2.7.3 Time domain reflectometry 
The transfer equation used for most soil types is known as Topp’s equation (Topp et al., 1980); 
however, this equation is not suitable for use with Pumice Soils (Regalado, Muñoz Carpena, Socorro, 
& Hernández Moreno, 2003; Topp & Ferré, 2005). Volcanic soils exhibit atypical dielectric behaviour, 
attributed to their low bulk density and high total porosity, resulting in these soils not obeying the 
universal relationship of εc- 𝜃 described by Topp et al. (1980). Tomer, Clothier, Vogeler, and Green 
(1999) attempted to determine a more appropriate equation to apply to New Zealand Pumice Soils. 
Three equations were developed for the volcanic soils with physical characteristics such as low bulk 
density, high porosity and abundant coarse fragments (Tomer et al., 1999). The equation that was 
most suited to soils with high sand contents of 86 – 91% and gravel contents of 8.7 – 40.9 % is 
 
𝜃 = 0.0215 + 0.0226𝐾𝑎 −  3.02 × 10
−4𝐾𝑎
2 + 1.1410−6𝐾𝑎
3  (2.9) 
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where Ka is the soils apparent dielectric constant (Tomer et al., 1999). 
This method for determining the water content of Pumice Soils is useful for horizons that do not 
contain a large amount of clasts. As mentioned in section 2.2.3, coarse fragments in a soil present 
difficulties, including the refusal of probes in the soil when they come into contact with fragments, 
including pumice clasts. Some Pumice Soils have horizons that contain <35% clasts contents 




A method to quantify the moisture content of pumice clasts has been developed for laboratory 
based studies using repacked soil cores. Repacked cores are used for this study, as opposed to intact 
soil cores, to enable the proportion of pumice clasts used to be controlled for the analysis. 
3.1 Equipment 
Experiments 1 and 2 use repacked soil cores on porous plastic suction plates to develop the wet end 
of the soil water release curve, using matric potentials between 0 kPa and -80 kPa. The cores used 
were rings of PVC pipe that measured 97 mm internal diameter by 50 mm high, with a total volume 
for each core of 369 cm3 (Vs). A layer of gauze was secured to the base to prevent soil loss when 
moving the cores (Figure 3.1). The cores were packed to a desired bulk density in increments using 
the equation of Dane and Hopmans (2002); 
 
𝑀 = 𝑉𝑠(1 + 𝑊𝐶)𝜌𝑏    (3.1) 
 
in which 𝜌𝑏 is the target bulk density of the soil matrix accounting for the prescribed volumetric 
proportion of clasts; WC is the gravimetric water content (Equation 2.1) of the soil matrix; and Vs is 
the volume of the increment being packed.  
Figure 3.1: Gauze secured to the base of the PVC core to prevent soil loss when moving 
the packed cores. 
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All soil cores were packed in two 25 mm increments and then saturated in a deep tray prior to 
placing on the suction plates. 
The porous plastic suction plates used consisted of a polyamide membrane with a pore size 
diameter of 0.45 μm, a high bubble point of ≥100 kPa and an output volume of ~1000 ml/min, with 
the porous area measuring 230 mm x 230 mm (ecoTech, n.d.). Basal suction was applied to the 
plates by a VS-Pro vacuum pump (METER Group Inc, 2012), controlled by tensioVIEW V1.30 software 
developed by METER (METER Group Inc, n.d.-b).  
Before the saturated cores were placed on the suction plates, the plates were prepared. Preparation 
applying a suction of 1 kPa to 3 kPa to each plate while spraying reverse osmosis (RO) water on as a 
fine mist to saturate the plate surface. Plates were considered saturated when no air bubbles in the 
tubing attached to the base of the plate were present. A slurry of silica flour and RO water was then 
applied to the surface of each plate to ensure contact between the base of the core and the plate. 
The excess water was drained from the slurry at a low suction before the excess water from the 
edges of the plates was wiped away. Suction was then applied to all of the plates, increasing 
incrementally from 0 kPa to 80 kPa to remove any excess water from the plate, to ensure it did not 
interact with the soil cores. The plates were then placed in large plastic clip-top containers 
(Sistema™ brand), with self-adhesive sealant applied to the lid to prevent evaporation, and the 6 
mm tubing passed through a small hole and sealed. The plate and box unit was then weighed prior 
to the core being placed in it. Once the cores were deemed to be saturated, each core was removed 
from the water bath, allowed to drain at a 45° angle for 10 seconds and then weighed, to determine 
the saturated weight, prior to pacing the core on its plate. Once all the cores were situated on their 
plates, the box lids were replaced and the starting suction applied.  
Each plate was able to be isolated from the vacuum using the shut-off valves connecting each plate 
to the main vacuum line (Figure 3.2). The core and box units were all weighed daily by turning off all 
of the valves connecting the vacuum to the plates; the plates were unplugged from the manifold 
(Figure 3.2) at the shut off valve and weighed, without removing the plates from the boxes. The 
plates were then plugged back in and vacuum applied. Once equilibrium was reached at each matric 
potential, the matric potential was lowered to the next pre-determined set point. Finally, when 
equilibrium was reached at -80 kPa, the soil cores were weighed for the last time. To determine the 
final bulk density of the soil fines, a layer of plastic wrap was laid over the surface of each core and 
gently pressed down until the surface of the soil in the core was covered. The core was then placed 
on a tared balance and water was added until the surface of the water was flush with the top of the 
PVC ring. The volume of water used was calculated and then subtracted from the total volume of the 
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core (369 cm3) and the bulk density was recalculated. The water was then siphoned off using a 
syringe to prevent any water entering the core. Following this, the soil was transferred from the PVC 
ring into a tared drying tin and weighed, before being air dried for 24 hours at 105°C. The soil and tin 
were then weighed again when dry to enable the gravimetric water content to be determined 
(Equation 2.1). The box and plate units and PVC rings were weighed to enable the weight of the soil 
in each core to be determined at each metric potential. 
3.2 Experiment 1 
In Experiment 1, five soil cores were packed with soil matrix and pumice clasts sourced from Acacia 
Bay, Lake Taupō. The soil was an Immature Orthic Pumice Soil, from the Taupo soil family (Sibling 48) 
(Landcare Research, 2019b), from which air dried pumice clasts (2 – 20 mm) and soil fines (<2 mm) 
were used. 
The cores were packed with clast concentrations of 0%, 10%, 20%, 30% and 40% as a ratio of pumice 
to the total volume of the soil core (𝜒v). These concentrations were based on the proportions of 
pumice clasts found within the profile of the Taupō soil family, which ranges from 5% to 35% 
(Landcare Research, 2019b). 
Figure 3.2: Shut-off valve (red and black) used to isolate the plate from the vacuum. 
The manifold is the white PVC pipe connected to each plate through the shut-
off valve and 6 mm tube and to the vacuum pump and collection flask (Figure 
3.4, Figure 3.10).  
 48 
Equation 3.1 was rearranged to Equation 3.2 to account for both the soil fines and pumice clasts in 
the total volume. The target soil fines bulk density (𝜌b) used was 0.95 g cm -3. This value was used 
based on the result of preliminary trials carried out to determine a suitable packing bulk density to 
limit sinking and cracking in the repacked soil cores. This value is higher than what is commonly 
found in Immature Orthic Pumice Soils under natural conditions (Landcare Research, 2019b), but it 
avoided the sinking and cracking observed when a lower target bulk density was used. 
The mass of pumice clasts and soil fines (M) required to pack into each core was determined using  
 
𝑀 = ((1 + 𝑤𝑠)𝑉𝑠(1 − 𝜒𝑣)𝜌𝑏) + ((1 + 𝑤𝑝)𝑉𝑠𝜒𝑣𝜌𝑝)  (3.2) 
 
in which the gravimetric water contents of the soil (ws) and pumice clasts (wp) were calculated using 
Equation 3.2 following the drying and weighing of known amounts of moist soil or pumice. The dry 
bulk density of the pumice clasts (𝜌p) was determined by weighing individual dry pumice clasts and 
then submerging them while wrapped tightly in plastic in a measuring cylinder to determine their 
volume. This was repeated with 20 pumice clasts, from which an average bulk density of 0.4 g cm-3 





     (3.3) 
 
Once the cores were packed, they were left to saturate, while covered to limit evaporation, for two 
weeks before being weighed and placed on the prepared porous suction plates.  
In Experiment 1, the silica flour slurry was used to cover the entire surface of the saturated suction 
plates (Figure 3.3). The matric potentials applied in this experiment were; -2 kPa, -4 kPa, -6 kPa, -8 
kPa, -10 kPa, -20 kPa, -40 kPa, -60 kPa and -80 kPa.  
The configuration of the suction plates used in Experiment 1 consisted of five plates lined up at 
increasing distance from the vacuum pump (Figure 3.4). The plates were connected using 4 mm ID 
(6mm OD) tubing through which vacuum was applied to the base of each plate (Figure 3.4). The 
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water was sucked from the plates, through the tubing and into a collection flask located on the 
bench. Vacuum was applied to the flask and to the plates through a connection to the vacuum pump 
(white tubing in Figure 3.4).  
Figure 3.4: Arrangement of the components of Experiment 1 including the 5 boxes 
containing the soil cores, grey and blue vacuum pump, water collection flask and 
computer with tensioVIEW controlling the vacuum. 
Figure 3.3: A silica flour and RO water slurry was applied to the entire surface of the plate 
and smoothed to provide an even coating to ensure contact between the base of 
the soil core and the suction plate. 
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Following weighing of the cores each day, the valves were turned on in a random order, restoring 
vacuum to the plates. 
To determine the particle size distribution of the soil fines that the cores in Experiment 1 were 
packed with, the pipette method (Day, 1965) (method 190 (ii)) was used at the Manaaki Whenua 
Landcare Research Soil Physics Laboratory. In this method, a soil suspension is placed in a column 
and shaken. A pipette is then used to withdraw samples from a set depth at various times, as 
described by (Claydon, 1989). 
3.2.1 Analysis 1 
The water content of the soil matrix and pumice clasts were determined volumetrically using the 
following steps. First it was assumed that the water content of the soil fines at any suction does not 
vary with pumice clast content, so the gravimetric water content of the soil fines (ws) was given by 
 
    𝑤𝑠(ℎ) =  
𝑀𝑠,𝑤(ℎ)− 𝑀𝑠.𝑑
𝑀𝑠,𝑑
     (3.4) 
where h refers to the suction imposed, Ms refers to the mass of the soil in the soil-only (0% pumice 
clast) core, and subscripts w and d refer to wet and dry, respectively. The gravimetric water content 
of the pumice clasts (wp) at suction h was then  
 
   𝑤𝑝(ℎ) =
𝑀𝑠+𝑝,𝑤(ℎ)−(1−𝜒)𝑀𝑠+𝑝,𝑑𝑤𝑠(ℎ)
𝜒𝑚𝑀𝑠+𝑝,𝑑
    (3.5) 
 
where 𝜒m is the ratio of mass of dry pumice to the mass of dry soil fines and subscript p refers to the 
pumice clasts.  
The gravimetric water content of the pumice clasts at suction h were then converted 𝜃 using 
 
    𝜃𝑝(ℎ) = 𝑤𝑝(ℎ) (
𝜌𝑝
𝜌𝑤
)     (3.6) 
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The bulk density (𝜌𝑝) value used was the average dry bulk density of the pumice clasts included in 
the core, 0.4 g cm-3, and the density of water was assumed to be 1.0 g cm-3 (Shukla, 2014).   
The 𝜃 values of the pumice clasts were then plotted against suction h to develop a water release 
curve.  
3.2.2 Analysis 2 
Based on the findings of Analysis 1, Equation 3.5 must be rearranged as it is clear that the soil-only 
core overestimated the water content of the fines of the cores containing pumice. 
Equation 3.5 can be rearranged to  
 
𝑤𝑠+𝑝 = (𝑤𝑝 − 𝑤𝑠)𝜒 + 𝑤𝑠    (3.7) 
 
where 𝑤𝑠+𝑝 is the total water content of the core, in which subscript p refers to the pumice clasts, 
subscript s refers to the soil fines and 𝜒 is the ratio of mass of dry pumice to mass of dry soil. 
The water content of the core (𝑤𝑠+𝑝) was plotted against  and regression applied to derive the line 
of best fit for each matric potential.  
Using Equation 3.7, it is clear that a plot of ws+p against 𝜒 will yield a straight line with the slope 
(𝑤𝑝 − 𝑤𝑠) and intercept (ws) so long as assumptions of the derivation hold true. The key assumption 
is that ws is a constant at any given matric potential across different pumice clast concentrations. 
Thus, this analysis is a test of that assumption: if the data fall on a line, the assumption holds true. 
The water content of the pumice is given by the sum of the slope and the intercept of the regression 
equation. Statistical analysis of the water content of the soil and clasts was carried out in excel using 
the LINEST function, calculating the standard error, R2 values and F statistic (Microsoft, n.d.).  
To determine the 𝜃 value of the pumice clasts, Equation 3.6 was used. To determine the water 
content of the soil fines, Equation 3.6 was adapted to  
    𝜃𝑠(ℎ) = 𝑤𝑠(ℎ) (
𝜌𝑏
𝜌𝑤
)     (3.8) 
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in which 𝜌𝑏 is the average bulk density of the soil fines. The bulk density of the soil fines was 
recalculated at the end of the experiment to account for the sinking that occurred in each core 
throughout the experiment, increasing it from the target bulk density the cores were packed to. 
The standard error (SE) was then calculated for the volumetric water contents of the soil fines and 
the pumice clasts using Equation 3.9, 
 
𝑆𝐸 = √𝑆𝐸𝑤2 + 𝑆𝐸𝜌𝑏
2      (3.9) 
 
where SEw is the standard error of the water content of the pumice clasts/ soil fines and SEpb is the 
standard error of the bulk density calculated for each constituent. 
The 𝜃 of the soil fines and the pumice clasts were then plotted against the suctions applied to 
develop a water release curve.  
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3.3 Experiment 2 
Experiment 2 aimed to address limitations of the methods used in Experiment 1 induced by changes 
in the water retention properties of the fines caused by different volumetric proportions of clasts. In 
this experiment, ten repacked soil cores, all intended to have a constant volumetric proportion of 
fines, were constructed. The soil fines fraction was sourced from Taupō Landscape Supplies and was 
sieved to 2 mm. Pumice clasts of the size fraction 6 - 20 mm, sourced from a pumice quarry near 
Atiamuri, 40 km from Lake Taupō (Figure 3.5), were packed in increments from 2% to 22%, shown in 
Table 3.1. These clasts are likely to be from the Hatepe plinian pumice phase of the 232 ± 10 AD 
Taupō eruption. The clasts had not been air dried and were saturated in RO water for three weeks 
prior to packing to ensure that accurate pumice water contents were able to be determined. When 
pumice has been air-dried and re-saturated, it is possible that not all of the pores that may release 
water when suction is applied are able to refill.  
To create the range in pumice clast volumetric proportion necessary to derive pumice water content 
while maintaining a constant volumetric proportion of fines, glass fragments were introduced as an 
inert coarse clast content. The glass fragments used were 17 – 20 mm Nouveau garden glass 
gemstones that were split in half (Figure 3.6) to better match the characteristic size of pumice clasts 
Figure 3.5: Location of source of pumice clasts used in soil cores. The pumice pit is located 
within the extent of the Taupō ignimbrite, shown by the red outline, on the lilac 
coloured map units which represent non-welded ignimbrite (Adapted from GNS, 
n.d.; Hogg, Lowe, Palmer, Boswijk, & Ramsey, 2012). 
Material removed due to copyright compliance 
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and thereby create similar packing effects. The glass fragments were assumed to be inert with 
respect to water retention characteristics of the soil; i.e., they had a volumetric water content of 0% 
and did not induce water storage via surface effects or lacuna porosity. 
3.3.1 Experimental design and mathematical analysis 
The cores were packed to a target volumetric proportion of coarse clasts (C = 𝜒p + 𝜒g, Table 3.1) of 
30%, and a fines bulk density of 0.85 g cm-3. This lower target bulk density than what was used in 
Experiment 1 is more aligned with the bulk density of Pumice Soils under natural conditions 
(Jackson, 1974; Landcare Research, 2019b; McLeod, McGill, Thronburrow, & Fitzgerald, 2016; 
Nanzyo, 1993). To pack the cores, the gravimetric water contents of the moist soil fines (ws) and 
saturated pumice clasts (wp) were determined and the bulk density of the glass and pumice 
calculated. A sample of 20 randomly selected glass fragments were weighed and submerged in a 
measuring cylinder partially filled with water. The weight of the dry glass fragments was divided by 
the displacement volume to determine the dry bulk density. To determine the bulk density of the 
pumice clasts, 40 dry clasts were each weighed and submerged in a measuring cylinder partially 
filled with water, while tightly wrapped in plastic wrap to determine the displacement volume of the 
clast, from while the dry bulk density was calculated as for the glass fragments.  
Cores were packed using pumice clast bulk densities as derived by the method outlined above. 
However, on further consideration it became clear that the bulk densities derived this way were 
both inaccurate and imprecise. An Archimedean glass bead method was used as an alternative. 
Figure 3.6: Split glass fragments packed into the soil cores to enable the matrix to 
remain at a constant volume. 
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Errors arising from the inaccurate bulk density propagated through to the volumetric proportion of 
fines and clasts, but these errors were accounted for mathematically as described below. At the 
Table 3.1: Experimental design of Experiment 2, using glass to enable to soil matrix to 
remain at a constant volume. 
Core # Soil matrix (1-C) Pumice (𝜒p) Glass (𝜒g) C 
1 70 3 27% 30% 
2 70 6 24% 30% 
3 70 9 21% 30% 
4 70 12 18% 30% 
5 70 15 15% 30% 
6 70 18 12% 30% 
7 70 21 9% 30% 
8 70 24 6% 30% 
9 70 27 3% 30% 
10 70 30 0% 30% 
 
completion of the suction plate experiment, the bulk density of the pumice clasts was determined 
using the Archimedean glass bead method. The volume of a small measuring vessel (vr) was 
determined by filling it with water until the water sat flush with the top of the vessel and recording 
the volume of water required. Next, the vessel was dried thoroughly before determining the density 
of 400 μm gas chromatography beads from BDH Chemicals Ltd. The density of the beads was 
determined by filling the vessel with beads, tapping incrementally, until the vessel was overflowing, 
then levelled to flush with a ruler and weighing on a balance tared to the vessel mass. The density of 





     (3.10) 
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where mb is the mass of beads required to fill the vessel and vb is the volume of beads, equal to the 
volume of the vessel.  
Following the determination of the density of the beads, 10 randomly selected, oven dried, pumice 
clasts from a sieved core were weighed together to determine their mass (mp) and placed into the 
vessel that was partially filled with the beads. The vessel was tapped 20 times to ensure contact 
around the clasts. This was repeated in three increments for each core to enable all ten clasts to be 
placed in the vessel with no contact between clasts. The vessel was then filled almost to the top with 
the beads and tapped 20 times before filling the rest of the way and levelling with a ruler before 
weighing. The volume of the pumice (vp) was then determined using the following steps 
 
𝑚𝑏 = 𝑚𝑡 − 𝑚𝑝     (3.11) 
 
where mt is the combined weight of the glass beads and pumice clasts. Once the mass of beads was 
known, the volume of beads could be calculated (Equation 3.12) and the volume of the pumice can 





     (3.12) 
 
Figure 3.7: Glass bead method to determine the bulk density of pumice clasts. 
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𝑣𝑝 = 𝑣𝑟 − 𝑣𝑏     (3.13) 
 
From this information, the bulk density of the pumice clasts was determined by adapting Equation 
3.10 to calculate the bulk density of the pumice (𝜌p) by dividing the mass of the pumice by the 
volume calculated in Equation 3.13. This procedure repeated 20 times with 10 clasts at a time, with 
200 clasts in total analysed. 
From the more reliable pumice bulk density the volumetric proportions of pumice clasts and glass 
was recalculated (Table 3.2). 
Table 3.2: Proportions of soil fines, pumice clasts and glass fragments packed in each core. 
Core # Soil matrix (1-C) Pumice (𝜒p) Glass (𝜒g) 
1 71 2 27% 
2 72 4 24% 
3 72 7 21% 
4 73 9 18% 
5 74 11 15% 
6 75 13 12% 
7 76 15 9% 
8 76 18 6% 
9 77 20 3% 
10 78 22 0% 
 
3.3.2 Set up 
Equation 3.2 was adapted to determine the mass of material (M) to be packed into each core, 
accounting for the soil fines (subscript s), pumice clasts (subscript p) and glass fragments (subscript 
g) (Equation 3.14).  
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𝑀 = ((1 + 𝑤𝑠)𝑉𝑠(1 − 𝐶)𝜌𝑏) + ((1 + 𝑤𝑝)𝑉𝑠𝜒𝑣𝜌𝑝) + (1 + 𝑉𝑠(1 − 𝜒𝑔)𝜌𝑔) (3.14) 
Once the cores were packed (Figure 3.8), they were placed in a large container with degassed water 
poured carefully around the cores, before being left to stand for one week in order to saturate. Once 
saturated the cores were drained and weighed before placing on the prepared suction plates. In 
contrast to Experiment 1 where the whole surface of the plate was covered in the silica slurry, a 110 
mm annulus was placed in the centre of the saturated plate and a silica flour slurry comprising 11 g 
of silica flour mixed with RO water was poured in to provide a 1 mm high layer of silica (Figure 3.9). 
Suction up to 4 kPa was applied to the plate to remove excess water before the annulus could be 
removed. This was repeated for all 10 suction plates. Following this the saturated cores were placed 
in the centre of the silica circle. Unlike Experiment 1, where the cores were set out in order, a 
random order was generated for the placement of the soil cores layout on the suction plates. 
Adjustments were made to the set-up of the vacuum system used in Experiment 1. It was observed 
that water plugs often formed in the 4 mm tube, potentially influencing the matric potential 
imposed at different positions along the system. To prevent this occurring, a manifold system was 
developed, using 53.65 mm ID PVC pipe and 8 mm ID tubing to reduce the opportunity for water 
plugs to form in long sections of tube. The water collection flask was also moved to a position below 
Figure 3.8: Packed soil core containing soil matrix, pumice clasts and glass fragments. 
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the water outlet from the plates, enabling the water to drain down into the flask, without having to 
overcome a pressure head. To allow the water to drain out of the manifold, each length of pipe was 
angled downward towards the centre of the set up. For the water to flow straight out of the plate 
and into the manifold, a ramp with steps was set up to keep the plates level while on an inclining 
platform (Figure 3.10 and 3.11).  
Once all cores were in placed and the boxes sealed, the first matric potential of -3 kPa was applied. 
Matric potentials imposed were -3 kPa, -6 kPa, -8 kPa, -10 kPa, -20 kPa, - 40 kPa, -60 kPa and -80 kPa. 
Figure 3.10: Layout and set up of manifold system used in Experiment 2. 
Figure 3.9: 1 mm high, 110 mm diameter silica layer on the suction plate to ensure 
connectivity between the base of the core and the suction plate. 
 60 
Weighing occurred daily to determine when equilibrium had been reached at each matric potential. 
The shut-off valves were used to stop vacuum being applied to each plate and in tensioVIEW the set 
point was reduced from the pre-determined matric potential to a matric potential of 0. The plate 
units were then disconnected, weighed and reconnected to the manifold, with the shut-off valves 
returned to the open position. Once all of the cores were weighed and reconnected, the set point 
was then increased to the required matric potential. For matric potentials less than -10 kPa, the set 
point was increased in -5 kPa increments to reduce stress on the vacuum pump and the possibility of 
it going to a matric potential less than the required point.  
When equilibrium was reached at each matric potential, the condensation that had built up on the 
lid and walls of each box was wiped off using high absorbency cloths (Figure 3.12). The plate units 
were then weighed again and the mass of water wiped off was subtracted from the plate unit so 
that the amount of water lost in condensation was not attributed to the final water content of the 
core at each matric potential. Once equilibrium was reached at -80 kPa, the final volume of the cores 
was measured and the cores were air dried.  
Using the suction plates and repacked soil cores, a water release curve was developed from near 
saturation to -80 kPa. To complete the water release curve to a matric potential of -1500 kPa (PWP) 
a WP4C Dewpoint PotentiaMeter was used to develop the dry end of the curve (Figure 3.13). The 
device was calibrated using a 0.5 mol KCl standard in a stainless steel sample cup (Decagon Devices, 
2013). 
Figure 3.11: Lay out of relocated experimental set up. 
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Saturated pumice clasts were placed in a constant temperature chamber at 25°C with a relative 
humidity of 60% for up to 20 hours to dry the clasts to between plant stress point at -100 kPa and 
PWP. The clasts were removed from the chamber, placed in a stainless-steel sample cup and 
inserted into the calibrated device with analysis run using the precise mode. The matric potential  
Figure 3.12: Condensation in box that is wiped away using absorbent cloths once 
equilibrium is reached at suction(h). 
Figure 3.13: WP4C Dewpoint PotentiaMeter device used to develop the dry end of the 
water release curve at matric potentials lower than -80 kPa. 
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was recorded and the sample was removed and air dried for 24 hours at 105°C to enable the 
gravimetric water content of the clasts to be determined. Equation 3.7 was used to convert the 
gravimetric water content of the pumice clasts to volumetric water content to be plotted as the dry 
end of the pumice clast water release curve. 
3.3.3 Analysis 3 
The following steps outline the process that was designed to determine the volumetric water 
content of the pumice clasts. These steps were based on the initial experimental design for 
Experiment 2 (Section 3.3.1). However, due to an error in the bulk density calculation, this method 
was not used, with Analysis 4 executed in its place. If this experiment were to be repeated following 
the intended methodology, this process would be used to determine the water content of the 
pumice clasts. 
Following drying, the gravimetric water content of the core is determined using Equation 2.1. The 
gravimetric water content is then converted to 𝜃 and linear regression analysis run. 
The volumetric water content of the whole core (fines, glass and pumice) is plotted against the 
volumetric content of glass and pumice included in each core (𝜒glass and 𝜒pumice). To enable the water 
content of the pumice and the soil matrix to be determined, the assumption that the water holding 
capacity of glass is nil must be applied. 
 
𝜃𝑇𝑜𝑡𝑎𝑙 = 𝜃𝑝𝑢𝑚𝑖𝑐𝑒𝜒𝑝𝑢𝑚𝑖𝑐𝑒 + 𝜒𝑔𝑙𝑎𝑠𝑠 + (1 − 𝐶)𝜃𝑠𝑜𝑖𝑙 
= 𝜃𝑝𝑢𝑚𝑖𝑐𝑒𝜒𝑝𝑢𝑚𝑖𝑐𝑒 + (1 − 𝐶)𝜃𝑠𝑜𝑙   (3.15) 
 
in which C is a constant representing 𝝌pumice + 𝝌glass. Equation 3.15 dictates that a linear regression of 
total core volume against proportion of pumice will yield a slope equal to the volumetric water 
content of the pumice and an intercept equal to the matric water content times 1-C.  
3.3.4 Analysis 4 
The aim of Analysis 4 was to correct for the non-constancy of total clast content (C) in the cores. The 
analysis involved an iterative scaling of the core water content to account for a change in pumice 
volume sufficient to achieve a constant C. First, the water contents of pumice and soil (𝜃pumice and 
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𝜃soil, respectively) were estimated by a regression analysis as described in section 3.3.3. The analysis 
used the pumice volumetric proportions and measured core water contents. The soil water content 
was estimated with a value of C equal to the average total clast content of the cores (0.26). Next, the 
increase in pumice content (Δ𝝌pumice) necessary to bring each core up to the highest total clast 
content (0.292) was calculated. Then, the resulting change in core water content was estimated as, 
 
∆𝜃𝑇𝑜𝑡𝑎𝑙 = 𝜃𝑝𝑢𝑚𝑖𝑐𝑒∆𝜒𝑝𝑢𝑚𝑖𝑐𝑒 − 𝜃𝑠𝑜𝑖𝑙∆𝜒𝑠𝑜𝑖𝑙   (3.16) 
 
using the estimates of 𝜃pumice and 𝜃soil as described above, and where Δ𝝌pumice = Δ𝝌soil. 
Next, the water content of each core was adjusted by its corresponding Δ𝜃total and a regression 
analysis conducted with the corrected pumice contents (𝝌pumice + Δ𝝌pumice). Finally, the slope and 
intercept of the regression were used to provide better estimates of 𝜃soil and 𝜃pumice, which were 
refined iteratively. Iteration involved using current 𝜃soil and 𝜃pumice estimates to calculate a new core 
water content (Equation 3.16) and repeating the regression analysis. Iteration continued until 𝜃soil 
and 𝜃pumice changed less than a prescribed precision (0.001) between successive iterations. 
Uncertainty in 𝜃soil and 𝜃pumice was provided by the standard errors of the regression analysis. The 




Figure 3.12: Iterations of the scaling of each data point to determine the water content of the soil at pumice at a matric potential of -10 kPa. The 




4.1 Experiment 1 
For equilibrium to be reached at each matric potential, 7 – 10 days were required before the weights 
of the boxes became constant. Despite the target bulk density value that the soil cores were packed 
to being higher than what is often found under natural conditions (Jackson, 1974; Packard, 1957; Will 
& Stone, 1967); however, sinking of the soil in the cores still occurred. The effect of sinking increased 
the bulk density from the target of 0.95 g cm-3 to an average of 1.04 g cm-3 across all five cores, with 
a range of 1.00 – 1.11 g cm-3. There is no pattern to which the treatments sunk the most, with the 
40% pumice clast treatment showing the greatest increase in bulk density, with the least amount of 
change occurring in the 30% pumice clast treatment.  
Particle size analysis of the soil fines material packed into the cores used in Experiment 1 was carried 
out at the Manaaki Whenua Soil Physics Laboratory. The material collected from a Typic Orthic 
Pumice Sub-soil horizon comprised 18% coarse sand, 16% medium sand, 25% fine sand, 37% silt and 
4% clay, placing it in the loamy sand texture class in the New Zealand texture triangle (Figure 4.1). 
The cores were set out in order of increasing pumice content, with the 0% pumice treatment at the 
position closest to the vacuum pump in the centre of the room and the 40% pumice treatment 
furthest from the pump at the far end of the room. A condensation gradient wais present across the 
Figure 4.1: New Zealand texture triangle with fractions of fine earth present in the Acacia 
Bay soil used in Experiment 1 indicated in red. (From Milne, Clayden, Singleton, & 
Wilson, 1995). 
Material removed due to copyright compliance 
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treatments, whereby condensation on the lids and walls of the box noticeably decreased from the 
0% to the 40% treatment which visibly had the least amount (Figure 4.2). The mass of condensation 
was not accounted for as the boxes and plates were not weighed prior to the cores being placed on 
the plates and the condensation was not removed at any stage during the experiment. 
When looking at the water content of the cores as a whole, without isolating the pumice clasts from 
the soil matrix, the water content of the soil fines only core (0% pumice clasts) was the lowest of all 
the treatments between suctions of 0 – 10 kPa. This treatment exhibited the least amount of change 
as the suction increased. At suctions above 50 kPa, the 0% pumice clast core had a higher water 
content than all other treatments, while the 20% and 30% clast content treatments showed the 
greatest amount of water lost (Figure 4.2).
Figure 4.2: Condensation gradient present as both distance from pump increases and clast 
content increases. The vacuum pump is situated to the left of the 0% pumice 
content core and the 40% pumice clast core is closest to the lab wall. 
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4.1.1 Analysis 1 
The assumption, that the matrix behaviour would be consistent as the proportion of pumice clasts 
increased, underpinning Analysis 1 was proven to be invalid. Analysis 1 used the water content of the 
matrix in the 0% pumice clast treatment as a proxy for the water content of the matrix in the cores 
that contain pumice clasts. This method appears to overestimate the water content of the matrix in 
the cores containing clasts. As a result, negative water contents for the treatments containing 10%, 
20% and 30% pumice clasts were obtained when separating the water content of the pumice from 
the total water content of the core (Figures 4.3 and 4.4). While it can be observed that for most 
treatments containing pumice clasts that the greatest amount of water lost was between 10 kPa and 
20 kPa, the absolute amounts of water lost, or indeed water contents are unreliable.  
Figure 4.4: Volumetric water content of pumice clasts at different suctions determined 


























































Figure 4.3: Total gravimetric water content of soil cores. 
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4.1.2 Analysis 2 
The second method of analysis removed the reliance on the water content of the soil matrix in the 
0% pumice clasts treatment by using a linear regression analysis for each treatment containing 
pumice clasts. 
A positive linear relationship between the water content of the core and the volumetric proportion 
of pumice clasts was observed for clast abundances between 10 and 40% (Figure 4.5). However, a 
linear fit is poor for many matric potentials when the 40% abundance is included. Water contents at 
this abundance often lie below the linear trend formed by water contents from 10 – 30% abundance. 
This roll-off indicates this high clast abundance is influencing matrix water storage characteristics.  
When the full range of treatments containing pumice clasts were included in the analysis, a poor 
linear fit was observed, as the water content of the 40% pumice clasts treatment was not as great as 
expected based on the trend of the 10% - 30% data (Figure 4.5). This indicates that the water 
retention characteristics are altered when the clast content is greater than 30%.  
Linear behaviour existed between treatments with 10% and 30% pumice clasts (Figure 4.6), meaning 
that the assumption that the water content of the soil is constant at any given matric potential across 
the different clasts concentrations is true when the 0% pumice clasts treatment is not included. The 
water content of the pumice-free core was generally higher than the intercept of the regression line 
for the 10% to 30% pumice data. This confirms that the pumice-free cores overestimated the water 







































Figure 4.5: Linear regression for cores containing 10-40% clast contents. 
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The results for the water release curve of pumice clasts derived from this analysis remained positive 
throughout the range of matric potentials applied and appear believable (Figure 4.7). However, the 
assumption that the soil matrix behaves the same as the ratio of pumice clasts to soil matrix changes 
is again brought into question by this analysis method. When the suction is greater than 40 kPa, the 
water content of the pumice appears to increase as the matrix water content decreases. While the 
extent of the error associated with the pumice fragments implies that it is possible for the water 
Figure 4.7: Volumetric water release curve for pumice clasts and soil fines, with error 




























































Figure 4.6: Plot of gravimetric water contents for the different matric potentials applied 
against the gravimetric content of pumice clast for 10% – 30% pumice clast 
treatments. 
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content to become steady beyond 40 kPa, an increase in clast water content as the suction applied 
increases is unlikely.  
4.2 Experiment 2 
The initial submersion method used to determine the bulk density of the pumice clasts 
underestimated the bulk density of the clasts, and resulted in larger amounts of variability between 
the bulk density of the clasts that was unlikely to be present. The clast bulk density of 0.514 g cm-3 
produced using this method was used when packing the soil cores, resulting in the amount of pumice 
included in the cores not reaching the target volume. The bulk density of 200 clasts used in the cores 
was re-evaluated at the completion of the suction plate experiment using the glass bead method. 
This produced an average bulk density value of 0.70 g cm-3 for the pumice clasts. 
Due to the COVID-19 level 4 lockdown, the experimental set up was relocated from the temperature-
controlled laboratory at Landcare Research to an alternative, accessible venue to enable the 
experiment to continue and be tended to. This relocation took place on the fourth day that the cores 
were at a matric potential of -3 kPa and remained in the alternative location until its completion, in 
order to prevent potential damage during movement. No damage appeared to have occurred to the 
cores or to the contact between the core and plate during the initial transport and re-start of the 
vacuum system. The amount of condensation removed from the container housing core 4 (9% 
pumice, 18% glass, 73% matrix) was the greatest of all cores at any stage throughout the experiment, 
with 8.03 g of water removed when equilibrium was reached at 3 kPa. This is significantly higher than 
any other core, with the amount of water removed once equilibrium was reached for each matric 
potential generally ranging from 1 g – 4 g per container.  
The location the experiment was run in had little temperature control, experiencing a temperature 
range over the course of the experiment of 13.43°C, with the lowest temperature of 8.45°C recorded 
on 27/05/2020 and the highest temperature of 21.88°C on the 07/04/2020 (Figure B.1). This 
temperature flux is greater than what would have been experienced in the temperature-controlled 
lab, held at 22°C.  
4.2.1 Analysis 3 
Analysis 3 could not be conducted because the initial error in bulk density of pumice clasts created a 
non-constant total clast content, which the analysis relies on. 
4.2.2 Analysis 4 
To correct for the non-constancy of the total clast content of the cores, seven to eight iterations 
were required for the water contents to converge to the required precision of p=0.0001.  
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Table 4.1 presents the R2 values of the trendlines fitted to the raw data and scaled data. For both the 
raw data and the scaled data, the R2 value decreases as the level of suction increases. The R2 value of 
the scaled data is always greater than the R2 of the raw data, indicating that the scaled data is better 
fitted to the linear model. When the water content of the soil and water content of the pumice clasts 
were calculated out from the scaled linear data, the standard error of the water content of the soil 
was less than the standard error calculated for the water content of the pumice clasts (Figure 4.8). 
The standard error calculated for the water content of the pumice clasts ranged from 0.04 at 
saturation, 6 kPa and 20 kPa to 0.09 at 80 kPa, while the standard error of the soil fines ranged from 
0.01 to 0.02. 
Figure 4.8 also shows the way the water content of the pumice clasts changed with increasing 
suction. Irregular change in the water content of the clasts occurred between 0 kPa and 10 kPa. This 
change is not significant due to the overlap of the error bars. From 10 kPa to 80 kPa the change in the 
water content of the pumice clasts decreased monotonically. 
 
Table 4.1: R2 values of the linear trend lines fitted to the raw data and scaled data for each 
level of suction applied to the cores. 
Suction (kPa) R2 raw data R2 scaled data 
0 0.9638 0.9647 
3 0.9237 0.9341 
6 0.9501 0.9581 
8 0.9262 0.9415 
10 0.9308 0.9481 
20 0.9362 0.9529 
40 0.8037 0.8596 
60 0.6431 0.7333 
80 0.5778 0.6778 
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Water release curve 
The water content of the pumice clasts for matric potentials from -3 kPa – -80 kPa were then plotted 
along with the water contents obtained for clasts at lower metric potentials using the WP4C 
Dewpoint PotentiaMeter (Figure 4.9). The scaled data indicated a lower water content for the 
pumice clasts than the water contents for the matric potentials determined using the Dewpoint 
Potentiometer. The water content of the pumice clasts at 100 kPa is greater, determined using the 
Dewpoint PotentiaMeter is greater than the water contents determined at 40, 60 and 80 kPa, 
determined using the suctions plates and Analysis 4.  
From the 𝜃 produced for FC, stress point and PWP using the suction plates and the Dewpoint 
PotentiaMeter, AWC and PAW were calculated. The AWC determined using this analysis was 62% for 
pumice clasts and 30% for the soil fines, while PAW for the pumice clasts was 22%.  
Four different empirical soil water retention models were fitted to the scaled data to describe the 
shape of the soil water retention curve (Figure 4.10). The four models included the popular equations 
proposed by Brooks and Corey (1964) and van Genuchten (1980) along with two other unimodal 
models proposed by Kosugi (1996) and Fredlund and Xing (1994). Of the four models, the one that 
Figure 4.8: Comparison of the volumetric water contents of the pumice clasts and soil 
fines. 
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provided the best fit was the Kosugi equation, with an R2 value of 0.95 (Figure 4.11). The failing of the 
models with poor fit occurred at high suctions, with the Brooks and Corey, and van Genuchten 
models showing poor fit from approximately 600 kPa, while the Fredlund and Xing model differs from 
the Kosugi model at approximately 1,200 kPa. When the data point for the pumice water content at 
100 kPa is removed from the analysis, the Kosugi model provides the best fit, with an improved R2 
value of 0.97 (Figure 4.12). 
The 𝜃 determined for the pumice clasts were compared with the 𝜃 of the soil fines (Figure 4.12). The 
water content of the pumice clasts is greater than what was determined for the soil fines used in the 
















Figure 4.9: Volumetric water content of pumice clasts determined using individually 
scaled regression analysis data from the suction plate experiment and 




Figure 4.10: Soil water release curve for scaled pumice clasts, with four unimodal 
equations developed using SWRC Fit (Seki, 2007). 
Figure 4.11: Soil water release curve for scaled pumice clasts, fitted with the Kosugi 
equation using SWRC Fit (Seki, 2007). 
 75 
 
Figure 4.12: Soil water release curve for scaled pumice clasts, with the data point 
of the volumetric water content at 100 kPa removed, fitted with four 
unimodal equations using SWRC Fit (Seki, 2007). 
Figure 4.13: Soil water release curve for scaled pumice clasts, with the data point 
of the volumetric water content at 100 kPa removed, fitted with the Kosugi 

















Figure 4.14: Comparison of the volumetric water content of the pumice clasts and 





5.1 Method evaluation 
This research project has used novel methods to develop a water release curve for unaltered pumice 
clasts, ranging from 2 – 20 mm within a soil matrix. Experiments that have been carried out in various 
international studies to determine the water content of pumice clasts have often used isolated, 
graded pumice clasts, with no matrix material, or have only used ground pumice material (Blonquist 
et al., 2006; Dal Ferro et al., 2014; Gizas & Savvas, 2007; Özhan et al., 2008; Raviv et al., 1999; 
Volterrani & Magni, 2012). A small number of studies on pumice clasts have included a soil matrix, 
including two studies on New Zealand Pumice Soils (Flores-Ramírez et al., 2018; Packard, 1957; Will & 
Stone, 1967). The studies that have included a soil matrix focused on determining the water content 
of the constituents of the core as a whole, while the aim of this research has been to determine the 
water holding capacity of the pumice clasts. This has required the implementation of novel methods 
and analysis to derive the water content of the clasts from the water content of a whole core. Two 
broad approaches were used. The first aimed to characterise the behaviour of the matrix, and, 
assuming the matrix behaviour remained consistent, deconvolve the behaviour of pumice clasts in 
matrix–pumice mixes. The assumption of matrix water-release behaviour being the same between 
pure matrix and matrix–plus–pumice mixes proved to be invalid. Consequently, an approach based 
on the assumption that water release of matrix and pumice remained similar in matrix–pumice mixes 
was adopted and applied to the same dataset. Problems arose in this method as well, and, motivated 
by the suspicion that changing clast content was affecting matrix behaviour, a second approach was 
tested on a new set of cores. Pumice clast content was allowed to vary, but the total content of clasts 
was kept constant by adding in a varying volume of glass fragments, which were assumed to play no 
significant part in water retention. The varying core water content was modelled in terms of pumice 
and matrix volume and water content, and the model relationship fitted to the empirical data, from 
which pumice water content was extracted. The limitations and strengths of each method are 
discussed in more detail below. 
5.1.1 Experiment 1 
The underlying assumption used in Experiment 1, that the water content of the soil fines at any 
suction does not vary with pumice clast content, was found to be violated as shown by the negative 
water content of the pumice clasts. The negative clast water content calculated in Analysis 1 is the 
result of the difference between the water content of the treatments with and without clasts, 
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whereby the matrix in the 0% treatment overestimated the water content of the matrix in the 
treatments containing clasts. 
In Analysis 2, the disagreement between the water content of the soil fines in the cores containing 
pumice clasts and the pumice free core is potentially due to the increasing clast content reducing the 
water content of the soil fines. The change in the clast content appears to have had an effect when 
the clast content increased from 30% – 40%, as observed in the roll off shown in Figure 4.5. The poor 
linear fit shown in Figure 4.5, when the 40% clast core was included in the analysis, indicated that 
when the clast content was greater than 30%, either the matrix or the pumice clasts hold different 
amounts of water, and hence the water content of the core is not solely a function of matrix to 
pumice ratio. This may be due to less continuity of water films between the clasts and the soils with 
increased potential for clasts to be touching.  
A study by Fiès, Louvigny, and Chanzy (2002) found that when glass fragments were used as a proxy 
for coarse fragments in repacked soil cores, the water holding capacity of the soil fines decreased as 
the clast content increased. This was attributed to a decreased bulk density as clast content 
increased with modification of the pore space in the soil, notably an increase in coarse lacunar pores 
(Fiès et al., 2002). Decreasing water content of soil fines as clast content increases was also found in 
a study by Chow, Rees, Monteith, Toner, and Lavoie (2007). The moisture content of the core 
containing no coarse fragments was greater than that of the treatments containing clasts. The clast 
contents used in the study by Chow et al. (2007) were 10, 20 and 30% and the water content of the 
soil for each of the treatments was 2.1, 8.4 and 13.2% lower, respectively, than the water content of 
the 0% clast treatment of 27.9% at field capacity (-33.3 kPa). The change in water content of the fines 
in this research was found to be due to an increase in the proportion of the macropores in the cores 
as the clast content increased (Chow et al., 2007). 
The effects discussed above relate to inherent clast–matrix interactions that affect matrix water 
holding capacity. It is possible that in Experiment 1 there was also an effect due to incorrect packing 
that stemmed from an error in pumice density. The cores were packed to a target soil fines bulk 
density of 0.95 g cm-3. This was done by using the bulk density of the pumice clasts to calculate the 
mass of pumice needed to achieve the desired pumice volume. The mass of the soil fines required to 
fill the rest of the core was calculated by multiplying the remaining volume, determined by 
subtracting the volume of pumice from the total volume of the core, by the target bulk density of the 
soil fines. However, from the results of Experiment 2, it seems likely that the bulk density assumed 
for the pumice was an underestimate. The effect of the underestimated pumice bulk density was 
that the pumice volume was overestimated and hence the mass of fines used to fill the remainder of 
the core was too little. This would have resulted in under-achievement of the target bulk density of 
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the soil fines, which would have got worse as the pumice volume increased. The magnitude of this 







      (5.1) 
where ρp and ρp’ are the assumed and true fines bulk densities, respectively. The potential error was 
estimated by using the bulk density of the pumice determined at the completion of Experiment 2 (0.7 
g cm-3) as the true density, and the density used in the original calculations (0.4 g cm-3) (Figure 5.1). 
This relationship shows that as the proportion of the pumice clast included in the cores increased 
from 10% to 40%, the ratio of the bulk density achieved to the bulk density target may have 
decreased from about 0.95 to 0.77. Although the error is significant, it is likely to be a worst case 
because the pumice used in Experiment 1 was taken from deposits closer to the eruption vent, and 
from a different unit of the Taupo eruption to that of Experiment 2.  Hence, it is likely to have a 
density less than 0.7 g cm-3. 
Consistent with the anticipated error described above, sinking and cracking of the soil matrix was 
observed in all four of the soil cores containing pumice, and the effect was worst for the 40% pumice 
core: The 40% core sunk by 68 cm3, while the other cores containing pumice sunk between 28 – 33 
cm3. All cores containing pumice sunk to an average soil fines bulk density of 1.04 g cm-3, with a 
range of 1.00 – 1.11 g cm-3.  
 
Figure 5.1: Estimated ratio of the true soil bulk density to target soil bulk density 
against the proportion of pumice clasts for Experiment 1. 
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A similar approach to Experiment 1 (Analysis 1) to determine the water storage of porous materials, 
including pumice, was adopted by Flores-Ramírez et al. (2018). Also relying on an assumption of 
matrix water content constancy with different clast abundance, they subtracted the water content of 
the fines derived from fines-only cores from the total water content of the composite cores to 
determine the water content of the porous material. Parajuli et al. (2017) conducted a similar 
experiment to Experiment 1 where a consistent fines bulk density was achieved. Pumice clast 
contents of 0, 5, 10, 20, 30 and 40% were packed with a sandy soil matrix of bulk density 1.70 g cm-3. 
Using an equation similar to what was used in Analysis 1, the water contents of the pumice clasts and 
soil fines were able to be determined, based off the water content of the fines only treatment 
(Parajuli et al., 2017). In both of these studies, the authors make no reference to problems associated 
with a dependence between the water content of the soil fines and the abundance of pumice clasts. 
This may indicate that the behaviour change of the soil fines that occurred during Experiment 1 was 
related to the variation in the bulk density of the soil fines. 
5.1.2 Experiment 2 
Limitations of Experiment 1 were aimed to be addressed in Experiment 2. These included potential 
errors in the re-saturated pumice clasts that were packed, the physical layout of the experiment and 
potential problems associated with inconsistent soil matrix water release characteristics.  
In Experiment 1, air dried pumice was re-saturated once the cores had been packed, with the dried 
pumice used to enable accuracy when packing. This potentially prevented the clasts from being 
completely saturated, as some of the pores in the clasts may have been unable to refill following 
drying. To avoid potential inaccuracies in the water release as a result of the clasts not having fully 
re-saturated, the clasts packed into the cores for Experiment 2 were not air dried, and were 
saturated in a water bath for a number of weeks prior to packing them into the cores. The packed 
cores were then left to stand in a water bath for 2 weeks until the soil was saturated.  
The lay out of the experiment was also altered after Experiment 1. In that experiment, a second set 
of five soil cores were packed and placed on a set of suction plates; however, the water contents of 
these cores were unable to be included in the analysis. The data were omitted because water in the 6 
mm tubing that had drained from the four cores distal to the collection flask flowed into the core 
closest to the collection flask. This occurred because the water had to overcome a hydraulic gradient 
to enter the flask whose inlet was higher than the water outlet from the suction plates. To prevent 
this from occurring in Experiment 2, the water collection flask was placed on the ground, allowing 
water to drain down into the flask, removing the risk of water from any of the cores entering another 
core. Another problem related to the physical layout of experiment 1 was inconsistency in suction 
experienced by different plates, despite them being all connected to the same vacuum  pump. The 
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problem arose as a result of water plugs forming in the tubing. To solve the problem a manifold 
system was developed for Experiment 2, which used a gently inclined PVC pipe that was attached to 
each of the cores through a small length of 6 mm tubing. This ensured short, straight runs of pipe 
connecting plates to the manifold, in which water plugs could not form.  
Similar to Experiment 1, matrix consistency was not achieved in Experiment 2 because of the error in 
the estimated bulk density of the pumice. The magnitude of the error, given by Equation 5.2, and 
plotted in Figure 5.2 is less than in Experiment 1 because of a narrower range and lower maximum 
pumice content than in Experiment 1, and because of a smaller difference between assumed and 







     (5.2) 
where c is the intended total volumetric proportion of clasts (glass plus pumice = 0.3), and all other 
symbols are as of Equation 5.1. The ratio of actual matrix bulk density to intended ranges from 0.89 
to 0.99 from the maximum (30%) to the minimum (3%) intended pumice volumetric proportion, 
respectively (Fig. 5.2).  
In Experiment 2, no obvious sinking or cracking of the soil fines within the cores were observed, most 
likely because there was a smaller error in fines bulk density, and the volume of soil was generally 
less (70% of the cores), and hence there was a smaller absolute volume error.  
Figure 5.2: Estimated ratio of the true soil bulk density to the target soil bulk density 
against the proportion of pumice clasts for Experiment 2. 
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When estimating pumice water content, the error in pumice bulk density and the resulting 
inconstancy of the total clast content in the cores required an iterative numerical solution to applied. 
Stable solutions of high precision arose within 10 iterations, but the accuracy of the method 
remained uncertain. As a test, a numerical simulation of the experiment was conducted. This 
involved simulating water content of cores from assumed soil and pumice water contents, and soil 
and pumice volumetric proportions identical to the cores in the physical experiment. A random, 
normally distributed error of mean zero was added to each simulated core water content to generate 
regression R2 values comparable to the experimental data. Next, the simulated data were processed 
according to the numerical iterative method, and derived water contents compared against the 
initial, assumed values. Multiple simulations showed distributions of estimated water contents of 
pumice and water were consistent with the assumed values within uncertainties. The simulations 
revealed that the uncertainties in the water contents we generated experimentally were a result of 
random experimental error and not systematic error related to inconsistent core packing. 
When producing data for the pumice water-release curve beyond the suction the plates were 
capable of, a discrepancy occurred in the water content of the pumice clasts. The pumice water 
content measurement made with the use of the Dewpoint PotentiaMeter was 10% (v/v) higher than 
that inferred from the suction plate apparatus. It is possible that the water content of the pumice 
clasts, that were dried in a constant temperature chamber, had not reached equilibrium at -100 kPa. 
When this data point was removed, continuity of the data improved as did the fit of the Kosugi 
model to the water release curve. It appears that the combination of suction plates and the 
Dewpoint PotentiaMeter are suitable methods for developing the wet and dry ends of the soil water 
release curve. 
5.1.3 Soil water release curve 
A contrast in the water release behaviour was revealed in the suction plate experiment of 
Experiment 2. The soil matrix was observed to drain systematically from saturation up to 100 kPa 
suction, while the pumice clasts water content at 10 kPa was not significantly different from 
saturation. Only above 10 kPa of suction did the pumice clasts begin to drain. This suggests a 
hydraulic break (pore discontinuity) between the pumice clasts and the soil matrix and it is possible 
that a different matrix may yield a different mode of water release at low suctions (Figure 4.8).  
 
The results produced in Experiment 2, Analysis 4 presented a unimodal pore distribution, which is 
best represented by the Kosugi (1996) model, presented below 
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]     (5.1) 
 
where 𝜎 is the standard deviation of the distribution, h is the matric potential, subscript m is a shape 
parameter, 𝑆𝑒  represents the effective saturation, defined as  
 
𝑆𝑒 = (𝜃 − 𝜃𝑟)/(𝜃𝑠 − 𝜃𝑟)   (5.2) 
in which 𝜃 is the water content at h, 𝜃r is the residual water content and 𝜃s is the saturated water 
content. Q is the complementary normal distribution function, defined as 
 
𝑄(𝑥) = 1 − 𝜙(𝑥)    (5.3) 
 
where 𝜙(𝑥) is a normalised form of the cumulative normal distribution function. 
This log normal distribution equation is an adaptation of the popular van Genuchten model, 
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where α and n are shape parameters, in which n relates to m as m is equal to 1 – 1/n. 
Most studies on the water holding characteristics of pumice clasts carried out throughout the world 
have found the van Genuchten (1980) model provides the best fit. Adaptations of the van Genuchten 
model to provide a bimodal analysis of pumice clasts, without a soil matrix, have also been used 
(Blonquist et al., 2006; Dal Ferro et al., 2014; Fields, Owen, Zhang, & Fonteno, 2016; Gizas & Savvas, 
2007; Raviv et al., 1999). In the study by Fields et al. (2016) in which evaporative methods were used 
to develop water release characteristic curves for soil-less substrates, the curves were fitted to the 
data using the SWRC Fit programme (Seki, 2007) with no concerns noted. The Kosugi (1996) model 
was used by Flores-Ramírez et al. (2018) to model capillary water retention in coarse porous growing 
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media, which included pumice clasts. Unimodal pore size distribution was modelled using Equation 
5.1, while an adapted version was developed to model bimodal pore size distribution 
 
𝑆𝑒 = ∑ 𝑤𝑖
2
𝑖=1 𝑆𝑒𝑖     (5.5) 
 
where Sei are weighted subfunctions expressed by the unimodal functions and wi is the weighing 
factor for the subfunctions (0 < wi < 1) (Flores-Ramírez et al., 2018). 
Bimodal pore distributions have been commonly used to describe the pore distributions for pumice 
clasts where both intra and inter aggregate porosity is present. Bimodal, or dual porosity, does not 
appear to occur when a soil matrix, comprising soil fines <2 mm is present. For the experiment 
carried out, dual porosity is not present and as such, a bimodal model has not been fitted to the 
data.  
5.2 Comparison to other studies of water release from Taupō pumice 
The method developed in this research to determine the soil water release curve for pumice clasts in 
New Zealand Pumice Soils has produced a result that may be compared to the study by Will and 
Stone (1967) of the moisture storage capacity of different horizons of a Pumice Soil. The study by Will 
and Stone (1967) provides the most appropriate comparison as the materials studied were produced 
from the same volcanic eruption, although pumice from different phases of the eruption were used 
in the two studies. Will and Stone (1967) included a horizon of lapilli devoid of any fines from the 
Taupō plinian pumice phase of the 232 ± 10 AD Taupō eruption. This horizon of pure pumice should 
be comparable to the assessment of the water holding characteristics of pumice determined for the 
Hatepe plinian pumice.  
Will and Stone (1967) aimed to determine the water holding capacity of Pumice Soils to support tree 
growth. This involved a combination of field, laboratory and greenhouse experiments. In the field 
experiment the pedon studied on the Kaingaroa plateau had 3028 L of water applied to an area 
measuring approximately 3 m by 6 m that had been cleared of 4 year old pine saplings. Following this 
extreme wetting event, the surface of the soil was covered and the profile was left to drain. Cores 
were taken from each soil horizon periodically between 2 and 69 days following the application of 
water. Samples were taken from a new pit that was excavated within the study area for each 
sampling day. The moisture content of each horizon was determined gravimetrically following 
sampling. For the greenhouse pot trials, composite samples from each horizon were mixed and 
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placed in pots with three dwarf sunflower seeds. The plants were watered and allowed to grow until 
they were 30 cm high when watering ceased and the plants were left to wilt. When the plants did not 
regain turgor overnight, PWP was assumed to have been reached and the water content of the soil 
was determined. In the laboratory experiment, samples were placed in a pressure plate apparatus at 
-1,500 kPa for 10 days to reach equilibrium before the water content of the samples was determined.  
The FC values, at -10 kPa, determined in Experiment 2, Analysis 4, was 67% v/v (± 6%), higher than 
the field experiment value of 52% v/v, determined by Will and Stone (1967). The PWP values 
obtained in the two studies are more aligned than the FC values, with 5% determined for the Hatepe 
pumice, and 4.2% and 1.75% determined by Will and Stone (1967) using pressure plates and the pot 
trial, respectively. These FC and PWP values provide an AWC of 62% for Experiment 2, Analysis 4, 
50% for the pot trial and 47.8% for the pressure plates. The differences in the AWC of the Hatepe 
pumice used in this thesis and the work done by Will and Stone (1967) may be attributed to the use 
of pumice from different deposits and the methods used to determine the water contents.  
Differences in the bulk density of the Hatepe and Taupō pumice clasts used were found, which has 
the potential to impact the WHC of the clasts. Will and Stone (1967) recorded the bulk density of the 
clasts in the lapilli layer as 0.57 g cm-3, while the Hatepe pumice has a bulk density of 0.7 g cm-3. The 
Taupō lapilli in turn had a greater porosity than the Hatepe pumice. Differences in the bulk density 
and porosity of the clasts produced from the same eruption, and deposits of the same eruption 
phase in different locations and distances from the source, are not uncommon. Each phase of the 
eruptions that have produced material in which Pumice Soils formed have differences in the 
explosivity, magma composition and external interactions, which translate into differences in the 
material that is deposited (Nairn et al., 2004; Walker, 1981; Wilson & Walker, 1985). An increase in 
the bulk density of the clasts in deposits from the same eruption stage is often observed as the 
distance from the vent increases. With increasing distance from the source, clasts become smaller 
while bulk density increases. Walker (1981) documented an increase in the bulk density of the 
Hatepe clasts found near the vent having a bulk density from 0.5 g cm-3, to 0.68 g cm-3 in distal 
exposures to the east of the vent. This aligns with the recorded bulk density value of 0.7 g cm-3 
obtained for the Hatepe pumice 40 km to the north – northwest of the vent. The material produced 
in the Taupō pumice phase of the 232 ± 10 AD eruption is coarser than the material produced in the 
Hatepe pumice phase of the same eruption, with the coarser Taupō material having a lower bulk 
density than the finer Hatepe pumice (Wilson & Walker, 1985). This relationship between clast size 
and bulk density was also found in a study by Gizas and Savvas (2007), who found that smaller clasts 
had higher bulk densities and available water contents than larger clasts with lower bulk densities. 
While low bulk densities translate to higher porosity, in both the comparison of the Taupō and 
Hatepe eruption phases and the study by Gizas and Savvas (2007), the clasts with the higher bulk 
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densities and lower porosities had the greatest water holding capacity. This suggests the decrease in 
bulk density of coarser clasts involves an increase in large pores, which drain rapidly.  
Will and Stone (1967) determined that FC was reached after 69 days of drainage following a 
significant wetting event. Field capacity was determined at 69 days of drainage as an increase in the 
water content of the clasts was recorded between days 9 and 27 following the saturation event, 
indicating that the profile took a significant period of time to saturate. No measure of the matric 
potential of the soil or pumice at this stage was recorded and it is possible that Will and Stone (1967) 
recorded the water content of the soil at a matric potential lower than -10 kPa.  
Water was applied to the surface of the profile studied by Will and Stone (1967) and the layers were 
assumed to have saturated under these conditions. The Taupō lapilli gravel layer is was extremely 
coarse, and it is possible that the clasts did not fully saturate due to rapid water movement through 
the horizon. In my experiment on the Hatepe pumice, cores were packed with pumice clasts that had 
been saturating in water for 3 – 4 weeks before being packed into the cores. Once packed, the cores 
were placed in a water bath to saturate the soil matrix for 2 weeks. This provided confidence that the 
pumice clasts were completely saturated. 
The Hatepe pumice failed to drain between 0 – -10 kPa, likely as a result of a hydraulic break. This 
does not appear to have occurred for the Taupō pumice and is another potential reason why the 
water content at FC for the Taupō pumice is lower than the FC water content for the Hatepe pumice.  
The values obtained using pressure plates (Will & Stone, 1967) and the Dewpoint potentiometer for 
PWP at - 1,500 kPa were very similar to each other at 4.2% and 5% respectively. The water contents 
of the pumice clasts are higher than what was achieved using the sunflower pot trial, indicating that 
water retained by the pumice at this matric potential may still be plant available. Species-specific 
PWP values are likely to vary; however, the use of sunflower is a good proxy for the forestry species 
found in the pumice regions. Pinus radiata dominates the forestry species in the Central North Island 
(Selby, 1974; Will, 1974; Will & Stone, 1967) and have a root distribution that is similar to that of 
dwarf sunflower (Helianthus annuus L.). The roots of H. annuus L. is at a smaller scale to that of P. 
radiata and the plant is faster growing, making it more suited to pot trials (Angadi & Entz, 2002; 
Schneiter, 1992; Te Uru Rākau - Forestry New Zealand, 2019; Watson & O'Loughlin, 1990). 
The variation between the pot trial results and those of the Dewpoint PotentiaMeter and pressure 
plate experiments raises question of how the water is able to be extracted by plants. In the pot trials 
by Will and Stone (1967), composite samples of each horizon were used for growing the sunflowers, 
while the dew point method used isolated pumice clasts. It is not clear if composite samples were 
used by Will and Stone (1967) in their suction plate experiment, or if material from each horizon was 
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analysed separately. There is little detail available on the composition of the samples used in the pot 
trial; however, the Taupō lapilli layer is likely to have been combined with the underlying or overlying 
horizons, both of which are classified as sands (Will & Stone, 1967). The pot trial, combining soil fines 
material and pumice clasts resulted in a lower water content at the PWP than what was achieved 
using isolated pumice clasts in the Dewpoint potentiometer and potentially on the pressure plates. 
While the matric potential at the PWP determined from the pot trial may not be at – 1,500 kPa, 
which was used in the laboratory experiments, the lower water content indicates potential 
interactions between the soil – root – water interfaces that are not present in the laboratory 
experiments. There is limited literature available on the interaction of roots with pumice clasts in the 
soil. In soil containing rock fragments of low porosity, such as the greywacke sandstone found in soils 
across the Canterbury Plains, macropores at the rock – soil interface form preferential flow paths 
through which water moves and plant roots accumulate (Sim, Brown, Teixeira, & Moot, 2017; Zhang, 
Niu, Zhang, Xiao, & Zhu, 2017). In Pumice Soils, the occurrence of macropores at the clast – soil 
interface is low, and water moves dominantly through the coarse textured, apedal matrix (McLeod, 
Aislabie, Ryburn, & McGill, 2008). Despite these soils supporting a large amount of agricultural and 
forestry activities (Ballingal & Pambudi, 2017; Nixon et al., 2017), there is little account of root 
distribution, particularly pasture, in soils containing pumice clasts to enable the relationships 
between roots, soil, water and clasts to be determined.  
5.3 S-map 
Based on the FC and PWP values determined for the Hatepe pumice it appears that the current 
assumption used by S-map, where the water contents of the pumice clasts and soil matrix are similar, 
is reasonable. For the Pumice Soil sibling,Taup_48, the first functional horizon contains 60 – 70% 
pumice, and has FC and PWP values of 17.2% and 3.2%, respectively (Landcare Research, 2020). The 
material included in this functional horizon at Acacia Bay, Lake Taupō, is from the Taupō ignimbrite 
of the 232 ± 10 AD Taupō eruption. These values are lower than what was obtained for the Hatepe 
Pumice; however, in this experiment pumice from only one deposit was used to develop a water 
release curve. There are likely to be a number of factors that have resulted in the higher FC and PWP 
values produced for the Hatepe pumice, including the eruption stage the materials were produced 




• Assessing the water holding characteristics of pumice based on the differences in water 
release between soil-pumice mixes and a soil-only medium does not produce accurate 
results. This is likely because pumice clasts have an influence on matrix water holding 
characteristics, which grows stronger the higher the pumice abundance. This finding must be 
qualified because the experiments in this study were affected by inconstant soil matrix bulk 
density due to an error in pumice bulk density. 
• An experimental method which deconvolved pumice water content from changing core 
water content across cores of different pumice abundance showed promise. The most 
effective application of this approach minimised matrix variability by adding a glass fragment 
component in order to keep total coarse fragment abundance constant. 
• The method produced volumetric water contents with standard errors of about 5 – 10%. 
Pumice water contents showed a systematic decline with increasing suction (decreasing 
matric potential), except over the range 0 to 10 kPa when the matrix drained but the pumice 
remained saturated. This behaviour is probably due to hydraulic breaks caused by 
contrasting pore-size distributions of pumice and matrix. Hence this method may yield 
results close to saturation that are dependent on the nature of the soil matrix employed. 
• Dewpoint PotentiaMeter was successful in deriving water release characteristics for pumice 
at matric potentials less than -80 kPa.  
• Water release appeared to reflect unimodal pore size distribution, and was best fit with the 
Kosugi model.  
• Characterisation of water release was limited to a single pumice type (Hatepe plinain from 
Taupō eruption). However, the results suggest the current practice adopted by S-Map of 
assuming pumice and matrix water holding characteristics are similar appears to be 
reasonable. In future, a more rigorous approach could be adopted if different kinds of 




A limitation of this study was the initial use of water displacement to determine the bulk density of 
the pumice clasts used in Experiment 1 and 2. This resulted in the incorrect proportions of pumice 
clasts being packed into the soil cores, reducing the bulk density of the soil fines. Remediation of this 
required scaling of the data points once the bulk density had been recalculated with the volume of 
the pumice clasts determined using glass beads.  
This study determined the AWC from pumice collected from one location and while I am confident 
that this value is correct, it is not likely to be representative of all pumice that make up pumice soils. 
As such further experiments should include pumice clasts from a wide range of locations across the 
North Island.  
6.2 Further research 
In the research conducted, theoretical AWC and PAW values for the pumice clasts were determined. 
A plant growth study in Pumice Soils containing varying proportions of pumice clasts for the 
dominant plant species grown in these soil types would enable the actual plant available water 
contents to be determined and compared with the theoretical values. This could include perennial 
ryegrass, the most common pasture species used in the Waikato and Bay of Plenty Regions and 
dwarf sunflowers as a proxy for Pinus radiata, the dominant forestry species used (Charlton & 
Stewart, 1999; Popay & Crush, 2010; Tozer, 2014; White & Hodgson, 1999; Will, 1974). 
In Experiment 1 Analysis 2, a poor linear fit was observed in the regression analysis when the 40% 
clast content core was included in the analysis. As such, in Experiment 2 the maximum clast content 
targeted was 30%; however, some profiles contain horizons that have clast contents greater than 
30% (Landcare Research, 2019b). An investigation into the mechanics that result in this plateau effect 
when higher clast concentrations are included in the analysis and its implications in the field may 
provide useful insight in water movement and retention in different horizons of pumice soils.  
Pumice clasts from across the North Island should be collected and water release curves developed 
to determine a representative value, or values, for use in New Zealand’s soil information systems and 
nutrient budget modelling. This should involve pumice clasts collected from across the regions where 
Pumice Soils are present, including the andesitic pumice from Mt Taranaki, and clasts from different 
depths to ensure pumice from different eruptions and eruption stages throughout the soil profile are 
included. Pumice clasts are also the parent material of some Podzol and Allophanic Soils in the 
Central North Island. Clasts from these soils should be collected and analysed also. The method 
developed to determine the soil water release curve for pumice clasts in the course of this research 
has provided a result that is comparable to another study carried out on lapilli in a New Zealand 
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eruption. As a result of this, I would recommend its use in future studies for determining the water 
content of pumice clasts. Should future work on the water holding characteristics of pumice clasts in 
deposits across the North Island be undertaken I would recommend that a single matrix type be used 
for all clasts to eliminate inconsistencies between locations and soils, to ensure that the water 
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Core weight – Experiment 1 
Table A.1: Soil weight at equilibrium - analysis 1 and 2 
Suction (kPa) 0% Pumice 10% Pumice 20% Pumice 30% Pumice 40% Pumice 
0 502.12 487.17 462.57 437.26 420.05 
2 501.77 487.18 461.32 436.28 410.55 
4 499.60 485.23 459.06 434.62 408.96 
6 497.77 483.27 457.03 432.86 407.42 
8 497.11 482.48 456.32 420.57 406.28 
10 495.92 481.61 454.29 419.13 402.12 
20 494.80 479.71 433.54 392.21 381.56 
40 487.48 465.21 418.41 382.24 360.79 
60 482.49 445.32 404.48 376.86 358.55 
80 474.60 434.14 392.35 370.01 354.55 
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A.1 Analysis 1 
Table A.2: Gravimetric water content of pumice clasts, determined using Equation 3.3. 
Proportion of pumice used in each core is presented gravimetrically (0.05 = 10%). 
Suction (kPa) 0.05 0.10 0.15 0.22 
0 1.37 1.07 0.94 1.01 
2 1.39 1.04 0.92 0.85 
4 1.39 1.02 0.92 0.85 
6 1.37 1.00 0.91 0.84 
8 1.36 1.00 0.63 0.83 
10 1.37 0.96 0.62 0.77 
20 1.31 0.29 0.01 0.43 
40 0.77 -0.03 -0.10 0.15 
60 -0.27 -0.37 -0.14 0.17 
80 -0.55 -0.56 -0.17 0.18 
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Table A.3: Volumetric water content of pumice, determined using Equation 3.4. 
Suction (kPa) 10% 20% 30% 40% 
0 0.80 0.56 0.42 0.37 
2 1.60 0.56 0.41 0.37 
4 2.40 0.55 0.40 0.36 
6 3.20 0.54 0.40 0.25 
8 4.00 0.55 0.38 0.25 
10 8.00 0.52 0.11 0.01 
20 16.00 0.31 -0.01 -0.04 
40 24.00 -0.11 -0.15 -0.06 
60 32.00 -0.22 -0.23 -0.07 
80 0.00 0.00 0.00 0.00 
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A.2 Analysis 2 
Table A.4: Linear regression analysis of gravimetric water content of Pumice Clasts 10-40%. 
10-40% 0 2 4 6 8 10 20 40 60 80 
0.05 0.61 0.34 0.33 0.33 0.32 0.32 0.32 0.27 0.21 0.17 
0.1 0.65 0.43 0.42 0.41 0.41 0.40 0.34 0.28 0.24 0.19 
0.15 0.69 0.52 0.51 0.51 0.45 0.45 0.35 0.32 0.30 0.27 
0.22 0.77 0.54 0.54 0.53 0.49 0.48 0.40 0.32 0.31 0.29 
Slope 0.91 1.22 1.22 1.22 0.97 0.90 0.50 0.31 0.63 0.79 
Intercept 0.56 0.30 0.29 0.29 0.29 0.30 0.29 0.26 0.18 0.13 
Ws 0.56 0.30 0.29 0.29 0.29 0.30 0.29 0.26 0.18 0.13 




Table A.5: Linear Regression analysis of gravimetric water content of Pumice Clasts 10-30%. 
10-30% 0 2 4 6 8 10 20 40 60 80 
0.05 0.61 0.34 0.33 0.33 0.32 0.32 0.32 0.27 0.21 0.17 
0.1 0.65 0.43 0.42 0.41 0.41 0.40 0.34 0.28 0.24 0.19 
0.15 0.69 0.52 0.51 0.51 0.45 0.45 0.35 0.32 0.30 0.27 
Slope 0.80 1.81 1.80 1.80 1.28 1.26 0.38 0.45 0.87 1.00 
Intercept 0.57 0.25 0.24 0.24 0.27 0.26 0.30 0.24 0.16 0.11 
Ws 0.57 0.25 0.24 0.24 0.27 0.26 0.30 0.24 0.16 0.11 





Table A.6: Statistical analysis of Linear Regression for 10-40% clast content. Ws – water content of the soil, Wp – water content of pumice, θw – 
gravimetric water content, SE – standard error, ρb – bulk density (of fines packed in core/pumice clasts), θv – volumetric water content. 
  0 kPa 2 kPa 4 kPa 6 kPa 8 kPa 10 kPa 20 kPa 40 kPa 60 kPa 80 kPa 
A10-40% Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp 
θw 0.56 1.47 0.30 1.52 0.29 1.51 0.29 1.51 0.29 1.26 0.30 1.19 0.29 0.79 0.26 0.56 0.18 0.81 0.13 0.92 
SE 0.01 0.06 0.04 0.29 0.04 0.28 0.04 0.28 0.03 0.18 0.03 0.20 0.01 0.06 0.01 0.09 0.02 0.14 0.03 0.19 
ρb 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 1.04 0.43 
SE 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
θv 0.58 0.63 0.31 0.65 0.31 0.65 0.30 0.65 0.31 0.54 0.31 0.51 0.30 0.34 0.27 0.24 0.19 0.35 0.13 0.39 






Table A.7: Statistical analysis of Linear Regression for 10-30% clast content. Ws – water content of the soil, Wp – water content of pumice, θw – 
gravimetric water content, SE – standard error, ρb – bulk density (of fines packed in core/pumice clasts), θv – volumetric water content. 
  0 kPa 2 kPa 4 kPa 6 kPa 8 kPa 10 kPa 20 kPa 40 kPa 60 kPa 80 kPa 
A10-30% Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp Ws Wp 
θw 0.57 1.37 0.25 2.06 0.24 2.05 0.24 2.04 0.27 1.55 0.26 1.52 0.3 0.67 0.24 0.7 0.16 1.03 0.11 1.11 
SE 0.00 0.04 0.00 0.04 0.00 0.04 0.01 0.05 0.03 0.26 0.02 0.22 0.00 0.03 0.01 0.12 0.02 0.19 0.04 0.39 
ρb 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 1.01 0.43 
SE 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 
θv 0.58 0.59 0.25 0.89 0.24 0.88 0.24 0.88 0.27 0.67 0.26 0.65 0.30 0.29 0.24 0.30 0.16 0.44 0.11 0.48 
SE 0.01 0.04 0.01 0.04 0.01 0.04 0.01 0.05 0.03 0.26 0.02 0.22 0.01 0.04 0.01 0.12 0.02 0.19 0.04 0.39 
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Appendix B 
Experiment 2  
 
 
Figure B.1: Temperature of garage that Experiment 2 was run in from March 24 2020 to May 28 2020, recorded using HOBO datalogger. 
Temperature was recorded every 30 minutes for the duration of the time in the garage. Prior to relocation, the experiment was 
run in a temperature controlled room, kept at 22°C. 
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Table B.1: Soil weight at equilibrium for suction plate experiment. 
Suction (kPa) 2% Pumice 4% Pumice 7% Pumice 9% Pumice 11% Pumice 13% Pumice 15% Pumice 18% Pumice 20% Pumice 22% Pumice 
0 640.59 616.89 600.05 587.08 569.41 555.89 536.04 512.36 495.48 478.67 
3 614.76 597.93 558.3 568.44 535.19 527.4 510.01 486.16 466.16 456.67 
6 595.1 577.51 547.35 547.43 518.14 505.35 492.67 469.93 443.21 431.52 
8 587.3 565.22 531.65 532.03 510.09 491.34 479.82 460.09 430.19 423.74 
10 575.92 558.36 527.29 526.84 499.68 486.47 474.38 454.71 423.33 418.69 
20 551.39 529.36 500.95 500.19 470.96 459.16 444.83 416.88 393.9 378.42 
40 533.76 504.29 475.96 473.14 443.65 432.34 420.09 389.17 361.25 355.57 
60 530 494.3 465.8 450.38 431.2 418.3 405.1 385.21 345.95 338.55 
80 527.6 492.22 463.85 443.39 429.08 415.89 398.84 383.15 341.2 335.2 
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B.1 Analysis 4 
Table B.2: Volumetric water content of the soil cores used on the suction plates and 
Dewpoint potentiometer. 
Core  𝝌p 0 kPa 3 kPa 6 kPa 8 kPa 10 kPa 20 kPa 40 kPa 60 kPa 80 kPa 
1 0.02 0.42 0.35 0.29 0.27 0.24 0.18 0.13 0.12 0.11 
2 0.04 0.42 0.37 0.31 0.28 0.26 0.18 0.11 0.09 0.08 
3 0.07 0.48 0.35 0.32 0.28 0.27 0.19 0.12 0.09 0.08 
4 0.09 0.47 0.42 0.36 0.32 0.31 0.23 0.16 0.09 0.07 
5 0.11 0.50 0.40 0.35 0.33 0.30 0.22 0.14 0.10 0.09 
6 0.13 0.51 0.43 0.37 0.33 0.32 0.24 0.17 0.13 0.12 
7 0.15 0.53 0.45 0.40 0.36 0.35 0.26 0.19 0.15 0.13 
8 0.18 0.54 0.46 0.42 0.39 0.37 0.26 0.18 0.17 0.17 
9 0.20 0.55 0.47 0.41 0.37 0.35 0.27 0.17 0.13 0.12 
10 0.22 0.59 0.52 0.45 0.43 0.41 0.30 0.23 0.18 0.17 
 
Table B. 3: Volumetric water contents at matric potentials determined using the Dewpoint 
Potentiometer for pumice clasts and soil fines 
kPa 100 240 250 330 400 580 790 940 1050 1310 1510 
𝜃p 0.45 0.27 0.31 0.20 0.20 0.13 0.09 0.07 0.07 0.06 0.05 
kPa 280 410 560 620 780 810 1020 1440 1600 1610  





Table B.4: Statistical analysis of Analysis 4, where each data point was individually scaled. 
 
0 kPa 3 kPa 6 kPa 8 kPa 10 kPa 20 kPa 40 kPa 60 kPa 80 kPa 
𝜽p 0.60 0.65 0.58 0.62 0.67 0.51 0.44 0.37 0.35 
SE 0.04 0.06 0.04 0.05 0.06 0.04 0.06 0.08 0.09 
t stat 14.787 10.645 13.518 11.347 12.087 12.726 7.000 4.690 4.102 
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.003 
𝜽s 0.575 0.464 0.401 0.351 0.318 0.229 0.143 0.107 0.097 




Equations relating to bulk density error 




















𝑉𝑇 − 𝑉𝑔 − 𝑉𝑝′
=
𝑉𝑇 − 𝑉𝑐
























In Experiment 1 where there was no glass 
𝜒𝑐 = 𝜒𝑝 
𝑅 =
1 − 𝜒𝑝










Derivation of equations for error introduced by incorrect pumice bulk density 
𝝆s = target soil bulk density 
𝝆s’ = actual soil bulk density 
𝝆p = apparent pumice bulk density 
𝝆p’ = true pumice bulk density 
𝝌p = intended volumetric proportion of pumice 
Vp = intended volume of pumice 
𝑉𝑝 = 𝜒𝑝𝑉𝑇 
where VT = total volume of core 
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Vc = intended volume of clasts (glass + pumice) 
𝑉𝑐 = 𝑉𝑇𝜒𝑐 
where 𝝌c =volumetric proportion of clasts (pumice + glass) 
Vc’ = actual volume of clasts 
𝑉𝑐′ = 𝑉𝑔 + 𝑉𝑝′ 
where Vg = volume of glass used 
𝑉𝑔 = 𝑉𝑐 − 𝑉𝑝 
Vs = intended volume of soil 
𝑉𝑠 = 𝑉𝑇 − 𝑉𝑐 
Vs’ = actual volume occupied by soil 
𝑉𝑠′ = 𝑉𝑇 − 𝑉𝑐′ 
Ms = mass of soil used 
𝑀𝑠 = 𝜌𝑠(𝑉𝑇 − 𝑉𝑐) 
